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The development ]£ demonstration of atruotural Integrity of the 

F-4 berylu« rwldars „as accomplishiäd ^ ^^ ^   ^^^ 

Structures for Military Mrospace Vehicles",  under a series of contrac- 

tural and in-house „orh units sponsored hy the Air Force Plight Dyn^ics 

Uhoratory under the direction of „r. P.E. Bart.ttlPBS, Project Pngineer. 

The residual strength static test of the ground test rudder and the 

preparation of this report „as accomplished under Work Unit 13680103. 

■■Kesidual Life Testing of an P-4 Borylli™ Ru^.,. 

^e total  technical effort reread herein covers a time span f™ 

"art of the initial contract in June 1965 through removal of the flight 

test r^der from the aircraft in August 1971 ana NDI assessment of its 

structural condition.    ». lnitIal effort to ^ ^^ ^ ^ 

"rate flight „orthinesa through gron^ test of a heryllium rudder „as 

accomplished under Air Ponce Contract AP33(615,-2974 hy the McDonnell 

Aircraft Company IMCAIR,. MConnell Douglae Corporation under the tech- 

meal guidance of JM,  Flnn.    ^ „^ ^  ^ ^^^ ^ 

flight demonstration „as accomplished hy MCAIR „ith Mr. Pi„n.s leadershlp 

under Contract P33615.67.C-1618.    Iha acoustlc ^ ^ ^ coiiduc£ed 

in the AP™ „iae Band Test Pacillty under technical cogni.ance of Messrs 

N.D. Wolf and R.  van dar Heyde of the Vehicle Dynamics Division. Aero- 

Aoouatlca Branch (APP^PVA,.    Mr. ,.,. „^ ^ ^ ^ ^ ^^ 

hahoratory NDT » ^ohanics Branch (Am/LLP>. conducted the radiographic 

inspection and evaluation of the ground teat rudder during the acouatic 

Hi 
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fatigue test series and independently assessed the flight test rudder 

radiographs provided by MCAIR for comparison with radiographsc inspection 

results of the ground test rudder. The residual strength static test 

was conducted in the AFFDL Structural Test Facility with Mr. M.D. Richardson, 

Structures Division, Experimental Branch (AFFDL/FBT) as Test Ei gineer. 

Reports of those individual efforts are noted in the References of this 

report and served as the basis for this presentation. The credit for the 

successful development and demonstration of the F-4 Beryllium Rudders 

rightfully belong to these engineers and scientists along with their co- 

workers. 

This manuscript was submitted by the author in January 1974 for 

publication. 
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SYMBOLS 

A Area of cross-section 

a Length of the unloaded edge of a panel in uniaxial compression; 
long dimension of a panel in shear 

a Subscript  for accelerated acoustic fatigue  test conditions 

b Width of an element; width of a stiffened panel;  short dimension 
of a panel  in shear;   length of the  loaded edge of a panel in 
uniaxial compression 

bf Width of stiffener flange element 

t^ Height of stiffener web element 

c Fixity coefficient for columns; distance  from neutral axis to 
extreme fiber;  subscript "compression" 

cr Subscript  "critical" 

D Diameter 

Damage due  to loading conditions 

depth or height 

Modulus of elasticity in tension 

Elongation in percent (this factor being a measure of the ductility 
of the material and being based on a tension test;  unit deformation 
or strain); eccentricity; minimum distance from a hole center line 
to edge of sheet 

Modulus of elasticity in compres.sIon 

Allowable stress; Fahrenheit 

Calculated stress 

'bru Ultimate bearing stress 

rcc Allowable crushing or crippling stress  (upper limit of column 
stress for local failure 
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f 
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SYMBOLS (cont'd) 

Compressive yield stress at which permanent  strain equals 0.002 
(from tests of standard specimens) 

Allowable shear stress 

Critical shear stress for buckling of rectangular panels 

Ultimate stress in pure  shear (average shearing stress over the 
cross-section) 

Calculated tensile stress 

Ultimate tensile  stress  (from tests of standard specimen) 

Tensile yield  stress at which permanent strain equals 0.002 
(from tests of standard specimens) 

Modulus of rigidity 

Moment of inertia 

Polar moment of inertia 

A constant,  generally empirical;   thermal conductivity 

Stress concentration factor 

KIPS (1000 pounds) per square  inch 

Applied moment  (usually a Ending moment) 

Cycles to failure in fatigue;  number of stress reversals required 
to cause failure at a given level noted by subscript 

Number of stress reversals at a given level noted by a subscript 

Applied load,   pounds 

Allowable  load 

Pounds per square inch 

Radius;  ratio of minimum stress to maximum stress;  subscript for 
requirements 

Stress 
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SYMBOLS (cont'd) 

Subscript "shear";  subscript for  "in-service" hours in acoustic 
fatigue analysis 

Subscript "skin" 

Subscript "stiffener" 

Time 

Thickness 

Width of a lug 

Poisson's ratio 

Plasticity reduction factor 

Negative reciprocal of the slope of the S-N curve plotted 
on  log-log paper 
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CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 

■ 

The  International  System of Units  (SI)  was adopted  by the Eleventh 

General  Conference on Weights and Measures,   Paris,  October I960.     Con- 

version factors  for the  units used  in  this  report are  given  in the 

following table: 

Quantity 

Mass 

Stress 

Length 

Temperature 

Volume 

Pressure 

Frequency 

Moment 

Moment of 
Inertia 

Velocity 

Force 

U.S. 
Customary 

Uni '• s 

lib. 
[ozo 

ksi 

in. 

(oF+A60) 

jgal. 
[pint 

inch of Mercury 

cps 

in-lb 

lb-in2 

FT/min 

lb. 

Conversion 
Factor 

(*) 

453 
28 :!} 

SI Unit 

> 

6.895xl06 

0.0254 

5/9 

3.785xl0-3 

4.732x10-^ 

3.377xl03 

1.0 

0.113 

0.2926 

5.08x10-3 

4.448 

grams  (g) 

newtons/meter2 

(N/m2) 

meters  (m) 

degrees Kelvin 
(OK) 

meters3  (m3) 

newtons/meter2 

(N/m2) 

hertz  (Hz) 

meter-newtons  (m-N) 

gram-meters2  (g-m2) 

meter/second 

newtons (N) 

* Multiply value given in U.S.  Customary Units 
by conversion factor to obtain equivalent value 
in SI Units 
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SECTION I 

INTRODUCTION 

Beryllium is light, rigid, fairly strong and has good elevated 

temperature characteristics. It has excellent fatigue properties, can 

be produced in most if not all the basic mill forms and transformed 

into structural hardware by conventional secondary fabrication techniques. 

Failure mode weight analyses of airfraraes for all types of flight vehicles 

show beryllium to be outstanding within its temperature range, with weight 

savings up to 45% over aluminum, 35% over titanium and 41% over stainless 

steel. Only the advanced composites can theoretically compete with 

beryllium in producing light weight flight vehicle structures. 

Beryllium has one technological shortcoming which, coupled with a 

controllable toxicity and relatively high costs as compared with the 

other metals mentioned, has served to delay the development, acceptance 

and application of beryllium in airframes. Metallurglcally, this material 

does not have sufficient deformation modes for true polycrystalline duc- 

tility. Hence, ductility in beryllium is less than and different from 

that found in more common structural materials. The net result of the 

low Isotropie ductility characteristic of beryllium is a tendency toward 

brittle fracture under mechanical load conditions and a low impact resistance. 

Ideally, a load bearing structural rc?terlal should have sufficient Isotropie 

ductility to permit deformation and resultant redistribution of high intensity 

stresses regardless of load type while resisting excessive deflection and 

distortion. While "tough, ductile" materials are preferred for structural 
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applications, other attributes such as high strength-to-weight and 

high stiffness-to-weight  are often essential  to successful airframe 

design and the materials which provide  the  latter often do so by 

sacrificing toughness and/or ductility. 

While Isotropie ductility with its attendant desirable charac- 

teristics  is not available in yesterday's or today's wrought beryllium, 

and  there is yet no indication of pending breakthrough to make such a 

product available  for tomorrow,  the desirable properties of beryllium 

offer such unique structural advantage over other metals that reliable, 

efficient application in airfraraes  is a worthy goal.     The development of 

knowledge to provide efficiency and the demonstration of reliability to 

establish confidence in any new material  system requires design,  fabri- 

cation and evaluation of hardware.     The evaluation phase requires test 

under simulated and actual operating conditions as well as analysis  (theo- 

retical and comparative)  of the  results of such tests. 

In October 1964 the Air Force Flight Dynamics Laboratory paved the 

way for such a structural  beryllium technology development and feasibility 

demonstration program when they issued a purchase request for an R&D 

effort  "for the advancement of structural berylliun technology through 

the desiCr., fabrication,  test and evaluation of n typical  load-carrying 

aircraft component which demonstrates a potential for  increased capability 

and/or efficiency using this material.    The selection, design,  fabrication 

and ground test of the  structural component shall be of a thoroughness 

and quality to qualify the  component  for flight testing".    As a result 

of competitive bidding ,        a contract was awarded to the McDonnell Aircraft 

"— ""■ -- ^ - - • -*— 
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Corporation  in June 1965  based on their proposal  to design and  flight 

test qualify an F-4 beryllium rudder.    The details of this design and 

qualification have  been published  (Reference   1);  however additional 

tests have  been conducted at Wright  Patterson Air Force Base and  the 

primary purpose of this  report  is  to describe  these  tests and the  results 

in order that  the  reader may become acquainted with the  capability of 

a beryllium structure  to carry  load even after being severely damaged. 

For continuity  the design and flight qualification tests will  be discussed 

briefly prior to in-depth discussion of the acoustic fatigue endurance 

test and the  residual  strength static test which were conducted on this 

first beryllium rudder.     Recognizing that outstanding test results such 

as achieved with this rudder do      not constitute an adequate base for 

confident acceptance of beryllium for all  types of airframe structural 

components,  and that success with one or two test items is inadequate 

for establishing widespread confidence in our ability to design and 

fabricate  reliable  load-carrying structures of this material for applica- 

tions which subject the  structure  to high complex stresses,   this beryllium 

rudder has succeeded in demonstrating the  potential for beryllium structures 

beyond simple compressive  loads. 

Following is a brief resumd  of the extremely rough test program to 

which the original beryllium rudder was subjected (with comments on damage 

sustained  in parenthesis).     The  first  three  tests constitute  flight  test 

qualification with the fourth originally intended to demonstrate the 

actual  strength of the rudder.    These  tests were conducted by    the contrac- 

tor, McDonnell Aircraft Corporation (now known as McDonnell Aircraft 

AMMI ———---■■-- -*—'— 
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about seven normal lives of the rudder.  (Failure 

consisted of a, large hole in each of the forward 

cover skins with extensive cracking and destruction 

of the connecting rib.) 

Test 6 - A residual strength test with loading conditions 

similar to Test 3 except that a rigid mount was used 

rather than an F-4 vertical tail and aft fuselage 

which was used in the first four tests. Failure occurred 

after 15 seconds at 200% DLL or 1337o DUL.  (Failure 

apparently began at the crack previously created in 

the lower closure rib, continued through the heavily 

damaged lower section of the forward torque box and 

continued through the leading edge just above the lower 

hinge attachment fitting.) 

A follow-on contract was awarded to MCA1R in April 1967 for fabrication, 

instrumentation, flight test and evaluation of a second F-4 beryllium rudder. 

The flight testing was to be accomplished on a "ride along" basis, meaning 

that the beryllium rudder would be substituted for a production rudder on 

an available aircraft with no flight restrictions or control of the operations 

of the vehicle. The rudder instrumentation was connected to an existing 

recorder in the chosen vehicle at the time of installation to record loads 

and response during early flights when maneuvers were performed to impose 

maximum loads on the rudder. The maiden flight occurred on 14 May 1968 

from Lambert St, Louis Municipal Airport when YF-4E number 12200 carried 

the beryllium rudder aloft for the first time. Flight testing was uneventful 

-—'•■i'——-- ^   - ^ 
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until the tenth flight when the aircraft became roll-yaw coupled during 

a rolling pullout maneuver, inadvertently exceeding the normal flight 

envelope of the aircraft.  Inspection of the aircraft revealed only a 

small buckle in one skin of the forward torque box and a review of the 

data revealed loads of approximately 205% DLL. Flight tests were 

continued with the contract terminated in August 1969 after 90 flights for 

a total flight time of 100 hours and 30 minutes. The rudder remained 

aboard the aircraft and by the end of August 1971 had made 158 flights 

for a total flight time of 184 hours and 24 minutes. 

While the flight history of the F-4 beryllium rudder is not exten- 

sive in terms of design life of such aircraft, it does illustrate that 

primary load-carrying beryllium structures can be used in high performance 

aircraft.  In addition, experience was gained in handling beryllium 

under multi-mission operating conditions in a varie' j  of atmospheric 

environments. 
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SECTION II 

RUDDER DESIGN 

1.  Introduction 

^he reasons for selection of the F-4 rudder as the airframe component 

for development of structural beryllium technology and demonstration of feasi 

bility also established the design philosophy of this effort.  First, the F-A 

rudder is a complete, interchangeable component which can be installed or re- 

moved from the aircraft with a minimum of effort.  Second, the rudder is a 

typical sheet-metal assembly incorporating both skin-stringer and full-depth 

honeycomb core sandwich construction thereby permitting evaluation of a vari- 

ety of structural and manufacturing techniques within existing technology. 

Third, the rudder is subjected to reversible loads including elements other 

than compression with both loads and response data available from the produc- 

tion aluminum counterpart for comparison.  Fourth, due to the particular des- 

ign of the aircraft, the F-4 can fly and land without a rudder so that flight 

tests can be conducted under fail-safe conditions.  Fifth, aircraft were a- 

vailable as flight test beds in the event that a flight test program should 

evolve from the basic ground test program.  Note that none of these reasons 

for selection of the F-A rudder deal with berylliuxn characteristics such as 

high modulus and low density; however, it was necessary that we have suffi- 

cient design knowledge and secondary fabrication skills available to make 

construction of the selected component practical. 

Accordingly, the envelope and support geometry of the beryllium rudders 

were made virtually identical to that of production aluminum rudders.  The 

structural arrangement of both the production and the beryllium rudders are 

MiiiiiilltiBiiii^^ 
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similar  In  that  they are   two-cell   torque  boxes  supported along  their  leading 

edges  by four hinges.     The  forward  torque  box of each  is conventional multi- 

rib- skin- spar construction while  both aft   torque  box  structures are  skin-faced 

honeycomb core with edging members.     Both  rudder assemblies  require  balance 

weights and flutter dampers and were designed  to be actuated by a hydraulic 

power cylinder attached  to  the  rudder  torque  tube  at  the   lower hinge  point. 

However, within these configuration restrictions and using the  same design 

loads,  each rudder was designed for efficient utilization of the applicable 

construction materials. 

2.     DESIGN DATA 

The beryllium used in developing design data and constructing the rudders 

was a hot-rolled, stress relieved, ground and etched sheet with a maximum 2.07. 

BeO content purchased per McDonnell Material Specification MMS 191, reproduced 

herein in Appendix A.  This specification specifies guaranteed minimum me- 

chanical room temperature properties of: 

Pt s 70 KS1 (A83 mn/m2) 

Ft = 50 KS1 (3A5 mn/m2) 

e=  57o in 1,0 inch (2,54 cm) 

A review of actual material properties of Beryllium *eet used on these 

programs, tabulated in References 1 and 2 and reproduced in Appendix A, shows 

that all such sheet exceeded these guaranteed minimum values.  Figure 1 gives 

typica' values of Ft^ and F^ vs temperature for beryllium sheet as well as 

design mechanical property values. The design values were selected by 

determining the ratio of the guaranteed minimum room temperature value to 

the typical room temperature value 

 —- '---  -         '■-■ - wm 
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^0'Fty 60 

ksi 
50 

40 

30 

20 

Fty (value used for design^ 

Refeience 1 

-200 200 400 600 

Temperatute - 0F 

800 1000 

Figure 1 - Effect of Temperature on Tensile Strength of Beryllium Sheet 

and reducing typical values by this factor for all temperatures. The result- 

ing minimum values were used in design of the beryllium rudder as an additional 

safety factor. Figure 2 shows the effect of temperature on Fbru and Fsu. 

Fbtu    'su 
Y\\i      hlu 

-200 200 BOO 1000 

Figure 2 

400 600 

Tempeiature - 0F 
Effect of Temperature on Bearing and Shear Strength of Beryllium 
Sheet 
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Table  1 presents  roon, ternperature physical  properties  for berylliu. and 

is representative of the sheet used  in fabricating the berylliu. rudders. Ap. 

Pendix A contains che.ical analysis results for each berylliu™ sheet used on 

the rudder programs. 

Density (Iti/m.3) 0.067 
Specific gravity 1.85 
Atomic number 4 
Atomic weight S.02 

Atomic diameter (A) 2.221 

Reflectivity, vrfiite light (%) 55 
Specific heat, (BTU/lb/0F) 0.445 

Latent heat of fusion (BTU Iti) 470 
Melting point i0F) 2340 

Thermal conductivity. (BTU/ft.2/fVhü 104 

Tnermal expansion, room temperature fin, in /0F) 6 x 10~6 

Electrical conductivity(%of copper) 35 to 45 
Resistivity (piohm-jn.2 in) 16 

Table  1 Summary of Beryllium Properties at Room Temperature 

In airframe design the materials property data is usually modified in 

son* „anner to account for variations in materials,  assembly details, antici- 

pated  load complexity and unknown contingencies which reduce the structural 

capacity of the material when it is converted to hardware.    As previously 

discussed,  use of guaranteed minimum properties as a base provides protec 

tlon against variations between and within the beryllium sheet, provided 

there are no stress concentrations.     Since this is seldom the case in actual 

stnactural airframes.     Figure 3 illustrates the effect of stress concentre- 

tion on ultimate tensile  strength of beryllium sheet at various temperatures. 

In cases where the notched strength is  less than the unnotched strength,  the 

10 
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Figure 3 - Effect of Temperature and Stress Concentration on Ultimate 
Tensile Strength of Beryllium Sheet 

former should be used to size tension members having stress concentra- 

tions. 

For the purpose of the rudder design, fatigue characteristics are 

very important. MCA1R tests of notched and unnotched tensile fatigue specimens 

indicated that beryllium has exceptionally good resistance to initiation 

11 
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of fatigue cracks in the temperature range from room temperature to 

500oF (5330K) as shown in Figure 4. 

max. 
ksi 

Cycles lo Failure 

Figure 4 - Fatigue Strength of Hot Rolled, Stress Relieved 
Ground and Etched Beryllium Sheet. 

Reference 1 further reports that joint tests showed that stress concentra- 

tions in the form of filled and unfilled fastener holes reduce the static 

and fatigut-. strengths of beryllium, and that fatigue strength is improved 

and static strength not affected by the installation of hole filling 

12 

mmm - ■■—■ •■-    - - ■ - ■-   "-^i i—— -  





 iPiyiHi 1 -1- ■*a->-wm'^*^*^^^i^immmmmmmmmm 

60 

50 

40 

rscr 30 
ksi 

20 

10 

s s v 
N 

1 
Initial buck 

1 
mg due to shear 

  —- ■ — — "* 
»V 

«* «.                     ^ 

i—Room temperature 

500oF 

1   1 
7-.N 

V 
•w \ 

Refer ence 1 M k 
Hot rol ed, stress relieve 

i 

d, ground and etched beryllium sheet 

^ 
i 

^ 
< ̂  

\ 

^ 
^ 

^ 

2 3       4      5    6    7   8 9 10 20 30      40    50   60     80    IOC 

40 

30 

Gross Area Web 
Shear Stress    20 

ksi 

T T 
Post buckled shear strength at room temperature 

Reference 1 

A Square panels Hot rolled, stress relieved, ground and etched beryllium sheet 
O Rectangular panels 

A O Tests described m Section IV 
A • Reference 7 tests 

0.2 0.4 0.6 

Diagonal Tension Factor 

0.8 1.0 

Figure 5 - Design Curves for Initial and Post Buckling 
Shear Strength of Flat Beryllium Panels 
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0  Knowing  the   stiffener  geometry  and material   properties,   calculate 

the average  crippling stress   (F of  the   stiffener  from  the 

equation: 

Fcc..-   VCCl    +A2   Fc       ♦ 
"st 

.   A     F 
n    ccn       (II-l) 

A,  + A2  +  .    .    .   An 

Where  A1     A2     .   . 

F F 
ccl,     cc2, 

An are   the  actual  areas of stiffener elements 

•   •   Fccn 
are   the  crippling stressed as deter- 

mined  from Figure  7  for   the   stiffener elements  1,2,   ,   .   .   n, 

The  allowable  compression  load  for  the   stiffener  is: 

F.,       A. 
-st (II-2) 

Where A^/. Al ♦ ^^   .   ,   .  An 

The total load carried by a stiffened panel is equal to the sum of the loads 

carried by the stlffeners and the skin.  The load carried by the skin can be 

approximated by use of an "effective width" of skin acting at the stiffener 

stress.  The design chart for determining the "effective width" of skin is 

presented in Figure 8.  The method used to calculate the crippling strength 

of panels having skin of constant thickness (like Configuration I shown in 

Figure 9) is as follows: 

0 Calculate the average crippling stress for each stiffener as de- 

scribed previously. 

0 From Figure 8 determine the "effective width" of skin acting at 

the stiffener stress.  With the stiffener stress, F   read the 
cc ? 

value 2We/t.  "W « is the effective width of skin 

16 
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P = pst + psk 

on either side of the stiffener acting at the same stress as the 

stiffener.  "t" is the skin thickness.  If "We" is greater than 

half the stiffener spacing (b) i.e., if effective widths overlap, 

use We ■ b/2. 

0 Calculate the load carried by the effective skin: 

p
Sk " 

Fccst 2Wet (n-3) 

The crippling strength of the stiffener and its effective skin is: 

(II-4) 

The total load carried by a panel vith a number of stiffeners is: 

ptotal =IP (II-5) 

Where countersunk fasteners are to be used to join thin Beryllium skin to a 

substructure, it may be necessary to provide a land (local increase in skin 

thickness) to avoid the knife-edge effect in the skin at the base of the sink. 

The land does not necessarily result in a weight penalty since it will carry 

its share of the load and increase the "effective area" of the skin in com- 

pression. The method used to predict the crippling strength of stiffenec 

panels with skin having chem-milled lands (Configuration II in Figure 9) is 

presented below: 

0 Calculate the stiffener crippling stress and the effective skin 

width as described previously for panels having constant skin 

thickness.  For panel skins with chem-milled lands, the "effective- 

width" is measured from the edge of the chem-milled land instead 

of from the skin-stiffener fastener line. 

0 Calculate the allowable load of the panel assuming the stiffener, 

the land, and the effective skin are acting at the stiffener crip- 

pling stress. 

19 
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cJV Stiffener 

Configuration I 
Stiffened panel with constant skin thickness 

Chemically milled land 

Configuration II 
Stiffened panel with chemically milled lands 

Figure 9 - Stiffened Panel Configurations 

P = Fccst 
(A
St 

+ 2Wet + Aland)      (II_6) 

The total load carried by a panel with a number of stringers is; 

:otal ="^P 

(II-7) 

Nondimens'-onal design curves  for prediction of  the  static  strength of 

symmetrically  loaded  lugs  fabricated of Beryllium sheet  are  presented  in Fig- 
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ure  10,     Given  the   lug geometry and   the  ultimate   tensile  strength  (F    )  of 

Beryllium,   the  designer can predict   the allowable   lug  load  from  the equation: 

.   fbl 
a      F.     VLtu 

•^tu 
(Ff-..)  Dt (II-8) 

Where -—  is   the  minimum value   read  from Figure   10  for ~  or z: 
Ftu D        D' 

Ftu is  the ultimate   tensile   stress  for Beryllium sheet at  the  tempera- 

ture considered. 

D Is the hole diameter, 

t   is  the   lug  thickness. 

Mechanical   fastening and adhesive  bonding were  used  for  joining the 

Beryllium rudder  structural  members.     Mechanical   fasteners were  used  to  join 

all members  forward of  the  rear  spar :>nd  to attach  the  trailing edge assembly 

to  the  forward  torque  box structure.     Adhesive  bonding was used  to  join the 

trailing edge  honeycomb core,   face   skins,   rear  spar and closure members. 

Special  consideration must  be  given to  the   geometry of  the  hole and/or 

countersink provided for mechanical   fasteners.     The depth of the countersink 

for  flush fasteners must  be at   least  0,015  in,   (0,381 mm)   less  than the  thick- 

ness of the material  to avoid a knife edge and  subsequent cracking or chip- 

ping of the knife edge at  the  base  of the countersink.     The  resulting minimum 

thickness at mechanically fastened  joints may necessitate extra material  in 

this area which can be  readily provided by chera-milling excess material away 

leaving  lands at  the  joint  line  such as illustrated in Configuration II of 

Figure 9,    The edge of the hole at  the  fastener head-to-shank fillet radius 

must also be chamfered to prevent  interference which could produce  local dam- 

21 
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Figure  10- Beryllium Lug Design Chart 
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age   in  the beryllium. 

Insufficient  test  data exists  for establishing  firm design allowabl 

for mechanically fastened  Beryllium  joints,   and  the   strength of critically 

loaded   joints   should  be   verified  by   test.     The  following criteria   for  com- 

puting allowable   loads   for mechanically  fastened Beryllium  joints was  found 

to yield  conservative   strength predictions  when compared  to available   test 

results. 

When fastener  shear  is  critical,   use the  fastener's minimum guar- 

anteed shear  strength. 

The   ultimate   bearing stress  of  Beryllium  sheet   is approximately 

equal   to  that   of 7075-T6 aluminum sheet  at   room tempe   Uure-   F,     z r bru 

145 ksi  (1000 MN/m2),     Therefore,  when  sheet  bearing  is  critical, 

the  Beryllium   joint  strength  is assumed equal   to  that  of an  iden- 

tical  7075-T6 aluminum  joint  for  both protruding head and  flush 

fasteners.     To account  for  the  effect of  temperature,  multiply  the 

room  temperature  allowable  by  the   ratio of  ultimate  bearing stress 

at  temperature   to ultimate  bearing stress  at   room temperature, 

"    Due   to notch   sensitivity  of Beryllium below 400oF  (4780K),   joints 

subjected  to  tension  loads   in  the  plane  of  the  sheet  perpendicular 

to  the  fastener  line may  fail  at   loads   less   than predicted  by 

above  techniques.     To avoid  a  tension failure  in  the  Beryllium 

sheet  between  fasteners,   the  net  tension stress  should  not exceed 

the  notched  tensile  strength  of  the material.     The maximum  net 

tension stress  between fastener  holes  in  the  Beryllium sheet 

should not  be  allowed  to exceed: 

23 
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ftnet:   50 ksi  (354 MN/n,2)   in joints having no eccentricity 

^net""   200 kSi   (1379 MN/m2)  in eccentrlcally  loaded  joints 

(II-9) 
where   ft       . f + ^ 

net    A        I 

M -  Bending moment due   to eccentric   loading with  no  joint 

deflection 

A «  Net material  cross-sectional  area between fasteners 

These criteria were  found  to  be approximately  107, conservative  based on element 

test  results. 

Adhesive  bonded Beryllium  lap shear  joints  using  the  FM-Öl   epoxy   adhesive 

system and  the  HT.424 epoxy-phenolic adhesive   system resulted in bond stresses 

higher  than  those  obtained  in tests of aluminum  lap shear  specimens  bonded with 

the  same  adhesive  systems.     The design  lap  shear stresses  for Beryllium joints 

bonded with  FM-61 and HT-424 adhesive  systems are given  in Table  2.     1W  de- 

sign values are  80% of the  minimum values obtained  in tests. 

Adhesive Temperature Design Stress 
(psi) 

FM-61 75 
-65 

XOO 
4300 

HT-424 75 
500 

3200 
1350 

Table  2-  Design Shear Stresses  For Bonded Beryllium Lap Joi nts 

An extensive element test program was conducted to develop design data 

essential to design of the Beryllium rudder.  The objectives of this program 

24 
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we 
re   to  verify material   properties,   obtain design data,   and  to evaluate  cer- 

were  subsequently  incorporated  into  the  rudder 
tain structural  details which 

assembly. 

Table   3  presents a  summary of  the  element   test  program,  with a detailed 

description of each  test and  the  results contained on  Reference  1.     The  results 

of  the   fatigue   strength   tests  are  plotted   in  Figure   11 with comparative  data 

for aluminum and  titanium.     Figure  12  shows  the  fatigue   strength-to-weight 

efficiency curves  for these  materials. 

3.     DESIGN CONSIDERATIONS 

In designing  the amount   of Beryllium utilization  in  thP    udder  structure, 

show.i schematicallv  in Fipurp   n     t-hQ   „»-,• u. ciiy in figure   13,   the  primary objective was  to save   the max- 

imum amount  of weight within  the   limits  prescribed by manufacturing state-of- 

the-art,  material  availability and reasonable  costs.     The  F.4 rudder  Is a 

mass-balanced control  surface  and all  weight  sa.ed aft of  the hinge   line  re- 

sults  in additional weight  savings due  to a corresponding  reduction  in balance 

weights.     Therefore,  every  reasonable effort was made  to use  beryllium 

structure  aft of  the hinge   line.    Exceptions were  the honeycomb core,  mechan- 

IC|1  fasteners,   shear clips  and  trailing edge  plascic   laminate  filler  (not 

shown  in  the  schematic).      «*!. no redesign to ^^ ^ 

advantageous weight-wise  forward of the  hingeline,  exceptions were made  for 

two areas.     THe  forward torque  box cover  skin was extended  forward  to cover 

the  upper balance weight  support  structure.     The   lower section of the   leading 

edge  skin was converted to Beryllium since   it  transfers  torque  into  the  rudder 

and contributes  significantly  to overall   torslonal  stiffness.     TUe detailed 

drawings of  the  rudder are  shown  in Appendix B. 
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Test Test 
Loading 

No. of Tests 
at Temperature Data Required Test Results 

-650F R.T. 500° F 

Material Acceptance Tests 
Tension 
(Note 1) - 14 _ Ftu, Fty, and e. 

F^ - 70.4 - 87.1 kit 
F^ ■ 50.4 - 60.7 ktl 

l    -9-23« 

Metal-to-Metal Bond Tests 

Shear 3 
Bond Shear Stress 3731  ■ 394S pst » R.T. 

5394 psl  $ -U'f 

Flatwise 
Tension 3 -   ' 

Tension Stiess in Bond 
at Failure IFIMD 

1288 ■  1794 pit » I.T. 
1112 Pll  8 -6S*F 

Bonded Honeycomb Panel 
Tests 

Flatwise 
Tension 

3 
Tension Stress in Bond 

at Failure ;FX-»I) 
525 ■ 5S1 pil 8 8.T. 
529 Pit 8 -<S*F 

Core Shear 3 
Shear Stress 

in Core at Failure 
140 - 181 pit 8 ».1. 
153 pit 8 -K'f 

Compression 3 - 
Compression Stress in 

Face Skin at Failure 
80.7 • 82.0 pit 8 8.T. 
89.2 pit 8 -85'F 

Bond Shear 3 - 
Shear Stress in Bond 

at Failure (m-«i) 
88 - 147 pit 8 8.T. 
88 pit 8 R.T. 

Effect of Stress Concen- 
trations and Interference 
Fit Fasteners 

Tension - 12 - Failing Stress S8.0 - 84.0 kit 

Fatigue - 23 - Cycles to Failure SM Ftg.  11 

Joint Failing Load 
Toul Eluttc Straii 
8   Spltct Cmttr 
81,500 - 181.400 pit Joint Tests Tension 1   6 6 - 

Initial Buckling Stress 
and Failing Stress 

17,833 - 40,65« pit 

Panel Shear Tests Shear - 7 - /HT-474 Adhfltn 
fWjBnüH lb 8 R.T. 

18,030 lb 8 -8S*F 

CR7748-4 Rt«jU 
Spliced Panel Shear Tests Shear 3 9 - Joint Shear Strength 

(Fillurt Lud) 
10,430 lb 8 -65*F 
NU187Q-Q8 Jo-8o1tl 

Lug Tests Tension 6 6 6 
IM«) - »,«00 lb 8 R.T. 
17,300 lb 8 -65'F 

Lug Strength Fbr ■ «1,800 - 201,000 pit 8 R.T. 

Tests of Specimens with 
Corrosion Protec.Finishes 

None 
(Note 3) - 16 - Corrosion Rates 

Bart 8* Corroiton 
PUttd «fur 12 (in 
Kith Scltcttd ProUctlon 
SyitM, Ro Corroiton 

V*'t«r 500 tin 

Tension - 8 - Effect on Mechanical 
Properties No Advtn* Efftct Kith 

StlKUd ProUctlon Syttw 

Stress-Strain Tests 
Tension 6 6 6 

Stress-Strain Curves 
•«S'F 39.0 - 45.0 SI.O - «1.5 
SOO'F 37.0 • 40.0 38.5 - 49.0 

R.T.    38.0 - 42.8 57.0 - «0.0 
-65*F 43.0 - 48.0 57.7 - (0.0 
SOO'F 38.5 • 39.0 45.0 - 50.0 

Compression 3 6 3 

Rudder Composite Section (Note 2) - 1 - (Note 2) 
Mlthttsod l04di In 
Eict» of Rudder 
ulttMU Ooitgn Loodt. 

Crack Reoair Eval. Tests Tension I 6 - Failure Mode 
Bonded Borylllm 
Doublin Proved 
Adoqutti. 

Notes:   1. Seven each tested in tension in longitudinal and transverse grain directions. 
2. Four tests performed: 1) Chordwise bending to limit load, 2) Torsion to limit load, 3) Spanwise bending to 

120% limit load, and 4) Combined chordwise bending, spanwise bending and torsion to failure. 
3. Specimens were subjected to 5% salt spray for 500 hours. 

Table 3 - Element Test Program 
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Beryllium structure 

Non-beryllium structure 

Hinge 
ZR 138.87 

Upper balance weight 

Forward torque box 

Flutter damper 

Lower 
balance weight-i 

Forward spar line 

Hinge centerlme 
(80% fin chord) 

Lower hinge 

■ZR 71.23 

25°-Z-^ F.S. 618.62 

Figure 13 - Beryllium Rudder Structure Schematic 
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The  structural  arrangement of  the  Beryllium rudder  is  similar  to  that of 

the  production rudder as   illustrated  in Figure  W.     The   forward  torque  box is 

of conventional multirib-skin-spar construction and was designed  to carry the 

rudder primary  loads with  the   front  spar at  the  hinge   line  as  the main bendiag 

member.     The aft  torque  box  structure  consists of  skin-faced honeycomb core 

with edging members and was designed  to distribute  local  airloads  into  t.ie  for- 

ward  torque  box.     Both  the   alumirum and beryllium  rudders  were designed  to  be 

actuated  by a hydraulic  power cylinder attached  to  the   rudder  torque   tube at 

the   lower hinge  point.     Two  balance weights are  provided  for  rudder  static and 

dynamic  balance.     The  production aluminum  rudder  requires   two dampers  to pre- 

vent  flutter;  one   located   in  the area of  the  upper hinge  and  the  other posit- 

ioned  just  below the  upper  balance weight.     Because  of   its   increased  stiffness 

and reduced weight,   the beryllium rudder  requires a  damper at  the   lower hinge 

only.     The   increase   in  stiffness due   to  use  of beryllium  reduced  the   number 

of  stiffening ribs  from  17  in  the aluminum  rudder  to  10  in  the beryllium rudder 

In  fabricating the beryllium rudder extensive  use was made of chem-mil- 

ling to provide effective  skin-cap areas where  needed,   to  save weight   in shear 

panels where  thinner gauges  could be  utilized,  and  to preclude  the  occurrence 

of knife-edges and corresponding fatigue  problems at countersunk fasteners 

Aluminum Hi-Shear and Cherry  Rivets were  used  for  joining most  structural ele- 

ments.     High  strength steel   fasteners were  used as  required at  the  torque  tube 

and hinge   fitting attachments.     No vibration-driven rivets were allowed due  to 

the  poor  impact  strength  of beryllium. 

4. DESIGN CONDITIONS 

Design loading conditions, thermal environment, and requirements for vi- 

bration and flutter established for the F-4 aircraft were used in the struc- 
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HINGE 

RIBS 

REAR SMAR- 
FRONT SfWR . 

1  ^T      HINGE 

POWER CVLINDBR ATTACH  POINT 

^ HINGE _ 

LEADING 
EDGE SKINS 

.    BALANCE     & 
WEIGHT 

LIGHTENED 

ALUMINUM RUDDER-WEIGHT 64.26 LBS. «^'^ 

CHEM-MILLEO 
COVER SKIN 

r~l BERYUIUM  MRI 
IM   NONKBYLLIUM 

BERYLLIUM RUDDER - WEIGHT 37.59 LBS. 

Figure  14 - F-4 Rudder Structural Configurations 
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tural analysis of the beryllium rudder, and are described below. 

Design limit (maximum obtainable in service) loading conditions for the 

F-4 rudder are: 

Condition I - Full available actuator hinge moment, with airload center 

of pressure at 30% chord. 

Condition II - Full available actuator hinge moment, with airload cen- 

ter of pressure at 45% chord. 

Condition III - Rolling pullout flight condition, with loads on the en- 

tire vertical tail assembly, i. e. rudder and fin. 

Conditions I and II airloads are the maximum loads that can  be attained 

at the extreme limits of airload center of pressure travel, without exceeding 

the actuator output.  Fin deflections are assumed to be zero for these con- 

ditions.  Loading Conditions I and II result in maximum air pressures, chord- 

wise bending, torque, and actuator load, and are critical for all of the rud- 

der structure aft of the front spar, except the forward torque box cover skins 

and the backup ribs for the hinge fittings. 

Condition III airloads, developed on the aircraft vertical tail during 

the rolling pullout maneuvers, produce maximum vertical tail bending deflec- 

tions at the rudder support hinges.  The hinge deflections are a function of 

(1) the applied loads, and (2) the stiffness of the fin/rudder combination. 

Since the stiffness of the fin is far greater than that of either the produc- 

tion aluminum or beryllium rudders, there is not a great difference in hinge 

deflection, whichever rudder is installed. These deflections are actually 

slightly less with the beryllium rudder because it is approximately 6 times 

as stiff as the aluminum rudder. This increased stiffness, however, results 

in significantly higher loads in the beryllium rudder than in the aluminum 
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rudder.  Therefore, Condition III loads designed a substantial portion of the 

lieryllium rudder: rudder hinges, hinge backup ribs front spar, and forward 

torque box cover skins. 

Running airloads on the rudder for the three design conditions are shown 

in Figure 15.  Rudder shear and bending moment diagrams for Conditions I, II, 

and III are shown in Figures 16, 17, and 18, respectively. Rudder torque 

about the elastic axis is presented in Figure 19. 

The rudder balance weights and their local support structure were designed 

in compliance with the production aircraft requirements:  (1) static side 

load of + 10Ü g's on the balance weight, perpendicular to the aircraft symmetry 

plane, and (2) 50,000 cycles of fully reversed inertial load of +40 g's on 

the balance weights., perpendicular to the symmetry plane. 

The panel flutter criteria used in the design and analysis of the Beryllium 

rudder are presented in Figure 20.  These criteria, as indicated, are based 

on analytical as well as flight test data.  A critical M/q (Mach number/dyna- 

mic pressure) ratio of .0985 was determined from the production aircraft speed- 

altitude diagram. Furthermore, the beryllium rudder was designed to function 

in a thermal environment identical to that established for the F-4 aircraft 

production rudder. Normal operating temperatures on the rudder range from 

-650F (2190K) to 230oF OSS^K) with a transient overspeed condition which 

could produce short time temperatures up to 270oF(405oK). 

5. DESIGN DETAILS 

Considerations other than structural geometry, weight and loads enter Into 

the detail design of the Beryllium rudder.  These Include fabrication and hand- 

ling characteristics of the material as well as special design factors necessl- 
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Figure 20-Panel Flutter Criteria 
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tated by the properties of Beryllium. MCAIF advises caution in handling and 

fabrication of Beryllium parts, particularily those made of material Jess than 

Ü.030 inch thick.  However, they successfully illustrated that Beryllium sheet 

only 0.012 inch thick can be used in primary airframe components.  Figures U, 

21, and 22 illustra^e design details of the Beryllium rudder, and represent ty- 

pical design and construction practices for successful application of Berylliuir 

sheet to airframe structures. 

The forward torque box cover skins Illustrate several desijtn innovations 

which must be incorporated in a mechanically fastened skin-stiffener concent 

for structural reliability and efficiency when Beryllium sheet is used.  The 

panel flutter requirements of Figure 20 established a cover skin thickness of 

0.023 inch (0.584 mm).  However, the depth of fastener countersinks must be 

at least 0.015 inch (0.381 ram) less than the sheet thickness to avoid a knife 

edge which invariably chips at the base.  Therefore, 0.084 inch (2.13 mm) sheet 

was used with the areas between spars and ribs chem-milled down to 0.023 inch 

(0.584 mm) for efficiency. Similarly, the minimum standard production beryl- 

lium sheet, 0.020 inch  (0.508 mm), was chem-milled down to 0.012 inch (0.305inm) 

for the aft torque box cover skins, a thickness dictated by fabrication and 

handling requirements. 

Typical cross sections of spars and ribs as shown in Figure 21 illustrate 

representative dimensions    and configurations of thsse members and show the 

5t (5 X material thickness) bend radius which was used and is generally consid- 

ered a minimum for forming hot rolled Beryllium sheet,  "wo of the ribs were 

formed with joggled flanges with the ioggle length ten times its depth. 

The Beryllium rudder leading edge skin splice for the lower edge was mod- 
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Figure   21 - Beryllium Rudder Riband Spar Cross-Sections 
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ifled for the flight test rudder as shown in Figure 22 to eliminate the inter- 

ference between the splice and the seal on the fin closure spar.  Both config- 

urations provide adequate strength and also illustrate the formability of be- 

ryllium, chem-milling and details on countersink configurations for flush fast- 

ners. 

In selecting material thickness and planning production processes, allow- 

ances were made for the chemical etching (0.0015-0.0025 inch or 0.0381- 

0.0635 mm per surface) required on every beryllium detail part to remove any 

microscopic surface cracks or mechanical twins that may have been introduced 

during machining. Alignment of fastener holes must be precise and the actual 

hole size of adjacent members should be identical so that the fastener will 

fit snuggly in both members and provide an even distribution of load across 

the diameter of the fastener.  Individual fasteners may be selected by fit. 

6.  DESIGN ANALYSIS 

The approach to the rudder strength analysis and some pertinent results 

relative to major structural elements are discussed below. 

While the panel flutter requirements of Figure 20 established the chem- 

milled thickness of 0.023 inch (0.504 mm) of the forward torque box cover 

skins, rib spacing was a variable for determining the optimum panel configu- 

ration.  A plot of skin thickness versus rib spacing is shown in Figure 23. 

Using a constant panel length of 9 inches (23 cm) reflecting the approximate 

chordwise distance between the forward and the aft spars, a maximum rib spa- 

cing of 9.6 inches (24.4 cm) was selected.  Fabrication and handling require- 

ments dictated the bonded honeycomb cover skin thickness of 0.012 Inch (0.305 

mm) used on the aft torque box. 
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The maximum shear flow in the rudder skins as illustrated in Figuro 2A 

Is the result of the rudder torque presented in Figure 19.  The relative stiff- 

ness of the two torque boxes defines the percent of total torque in each. 

The panel thickness required to preclude flutter provided more than adequate 

shear pest buckling strength. 

The forward spar was analyzed conservatively as resisting all spanwise 

bending imparted to the rudder by the most severe bending moments under Load- 

ing Condition III previously described and shown in Figure 18. Material gages 

were established by crippling strength requirements of the spar caps. Allow- 

able crippling stresses were determined using the non-dimensional crippling 

curves for Beryllium presented in Figure 7.  Rear spar thickness was dictated 

by strength requirements for transferring trailing edge loads into the for- 

ward torque box.  The spar webs were analyzed for maximum shears and shown to 

be shear resistant.  Bearing stresses were checked at the fastener locations 

of the hinge support fittings. 

Ribs in the forward torque box are located at the upper balance weight at- 

tachment, and at intermediate positions as required to prevent panel flutter. 

A cross-section at a rib is shown in Figure 21.  The two upper balance weight 

ribs were analyzed for redistributing the balance weight inertial loads into 

the forward torque box with 60 percent of the total load applied to the lower 

rib and 40 percent to the upper to account for balance weight sweepback rel- 

ative to the front spar.  The ribs at the upper three hinges were analyzed 

for the hinge loads of Condition III.  The two drive ribs at the lower por- 

tion of the rudder were analyzed for transmitting torque between the rudder 

and the torque tube. 
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In addition, all ribs were analyzed for reacting cover skin airloads. 

The honeycomb trailing edge structure was assumed to act as a cantilever at 

the aft spar; thus, airload-induced moment and shear forces along the spar 

length are reacted at the forward torque box ribs and skins.  Furthermore, an 

analysis was made to establish thermal stresses in the rudder and the rela- 

tionship between thermal and mechanical stresses. The maximum thermal stress- 

es were found not to occur at the same time as the maximum flight loads. 

Bending and torsional stiffnesses of both the beryllium and aluminum 

rudders are presented in Figure 25. The maximum bending stiffness of the be- 

ryllium rudder is 230% that of the aluminum rudder while the maximum torsional 

stiffness of the Beryllium rudder is 620% that of the aluminum rudder.  As 

noted in Section II.4, the increased bending stiffness of the Beryllium rudder 

results in higher loads within this rudder under Condition III airloads than 

in production aluminum rudder.  The Beryllium rudder is, however, designed 

to withstand these higher loads. 

An analysis of the structural dynamic characteristics of the Beryllium 

rudder and of the fin with the Beryllium rudder installed was conducted to 

establish: (1) the influence of the Beryllium rudder on fin stability and 

(2) the need for rudder dampers to prevent transonic rudder buzz.  The anal- 

ysis showed that (I) fin stability is slightly improved and (2) the upper rud- 

der damper on the production aluminum rudder is not required on the Beryllium 

rudder.  The frequency separation is more favorable for the Beryllium rudder 

design than for the aluminum rudder design as shown below. 

M0DE ALUMINUM DESIGN     BERYLLIUM DESIGN 

19 cps (Hz) 19 cps (Hz) 

27 cps (Hz)        42 cps (Hz) 
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Fin Torsion 

Rudder Torsion 

39 cps (Hz) 

40 cps (Hz) 

40 cps (Hz) 

110 cps (Hz) 

The modes which could couple to reduce, the speed at which flutter occurs 

or increase, the response amplitude are: (1) Fin Bending and Fin Torsion, (2) 

Fin Bending and Rudder Rotation, (3) Fin Torsion and Rudder Torsion, and (4) 

Fin Torsion and Rudder Rotation.  The frequency separation in the first three 

was found to be more favorable for the Beryllium rudder.  Condition (4) type 

flutter is prevented by the lower rudder damper.  Figure 26 shows that the 

lower damper provides adequate stability for all values of effective stiffness 

to prevent transonic buzz problems in the Beryllium rudder. 

A stability analysis of the F.4 rudder power cylinder with the appropri- 

ate rudder installed shows the relative stability of the Beryllium rudder 

system as compared to the production aluminum rudder.  Figure 27 illustrates 

the relative stability with the aluminum rudder requiring 1.12% external dam- 

ping whereas the Beryllium rudder requires only 0.88%.  This is due mainly to 

the decrease in inertia about the hinge line of the Beryllium rudder which 

increases the rotational natural frequency M^ of the rudder from 17.4 cps 

(Hz) to 21.1 cps (Hz). 

The increased stiffness of the Beryllium rudder has a direct effect on 

YAW damper operation since there is less lost motion due to surface distortion 

at high speed.  The net effect is an increase in gain at higher speeds and 

an attendant 40% increase in aircraft damping. 

7.  RUDDER MASS BALANCE . 

The required balance conditions for the Beryllium rudde r were established 
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Figure 26 - Stability of Rudder With Upper Damper Removed 

to decouple  dynamically  the  rudder motion  from that  of the  fin.     The  equip- 

ment  used  to mass balance  the Beryllium rudders  is  similar  to  that  used  to 

balance  production aluminum rudders,     -he  procedures „ere  similar with  some 

adjustments made  for  the  flight  test  rudder to achieve  good agreement with 

measured  inertia properties.     The  final  balance condition of  the  ground  test 

Beryllium  rudder was established as  10.63  in.-lbs.   (1.2 m-N)  over-balance 

(nose  heavy)  about  the  hinge   line.     The   final weights  of  the  upper and   lower 
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G A,„v 

G     Flow gam of valve 
A     Average piston area of actuator 
OK' Natural frequency of system with valve in neutral 

KQ    Total spring rate of elements whose deflections 
result in valve opening 

KQ   Total spring rate of elements whose deflections 
result in valve not opening 

KD K0 

Figure 27 - Beryllium Rudder Power Cylinder Stability 
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balance weights are 8.87   lbs.   (A.02  kg)  and  6.92  lbs  (3.14  kg),   respectively. 

The  final balance condition of the  flight  test berylliun, rudder was  established 

as  17.1 in.-lbs.  overbalance about the hinge  line.    The  final weights of 

the upper and   lower balance weights  for  this  rudder are  9.96  lbs.   (4.52  kg) 

and 7.30  lbs.   (3.31  kg),   respectively. 

8.     RUDDER MOMENT OF INERTIA 

A calibrated  spring oscillation system was  used  to determine   the Berylli- 

um rudder moment  of inertia about  the  hinge   line.    This  system incorporated 

eight calibrated  springs,   two hinge  fittings  for adapting  the  rudder  to  the 

system and an oscillation  timing device.     The  rudder was  balanced  in a   vertical 

posiMon with  the  hinge  line  horizontal,   then oscillated and  the  period of  the 

oscillatirns determined with a stop watch.     With  the   locations of  the  rudder 

center-of-gravity,  springs,   and  rotation axis  known relative  to one  another, 

and  the weight of  the various components  predetermined  the  rudder moment of 

inertia was determined mathematically,     (See  Reference  1).       The Beryllium 

rudder moment  of  inertia about  the hinge   line „as determined  to be  3491   lb.- 

in.2  (^21  g.m2).     The moment  of inertia of  ^  productlon aluminum  rudder  is 

5185  lb.-in.2  (1517 g-m2). 

9.     RUDDER WEIGHT 

Table  4  provides a weight breakdown of both  the Beryllium rudders and 

the  production aluminum rudders.    As  shown,   the  primary  structure weights of 

the  two Beryllium  rudders are  nearly equal with  the  flight  test  rudder being 

0.23 pounds   (0.104 kg)   lighter.     Even  the  heavier Beryllium primary  structure 

provides a weight  savings  of 307o over  the aluminum primary structure.     The 

total weight of the  flight  test rudder is 4.47   lbs.   (2.02 kg) greater than 
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the ground test rudder as the  result of the addition of sealant and paint 

to prevent corrosion,  internal  instrumentation required for tests, and the 

increase  in balance weights required to offset  this additional weight aft 

of the  rudder hinge  line.     Both beryllium rudders profit  from elimination 

of the upper flutter damper as well as the reduced balance weight require- 

ments.    The  tocal weight saved as the  result of berylliumizing the F-4 

rudder is 41.5% for the ground  test  rudder and 34.6% for  the  flight  rudder. 

Weights - Pounds   (Kg s) 
Item Flight Test 

Beryllium Rudder 
Ground Test 

Beryllium Rudder 
Production 

Aluminum Rudder 

Front torque box assy. 11.19    (5.08) 11.06    (5.02) 16.74   (7.59) 
Trailing edge assy. 6.20   (2.81) 6.39   (2.90) 10.23    (4.64) 
Lower balance weight attachment assy. 4.18  (1.90) 4.35    (1.97) 4.25   (1.93) 
External paint and sealant 1.28    (0.58) 0 1.23    (0.56) 
Balance weights 17.26   (7.83) 15.79   (7.U.) 23.90 (10.84) 
Upper damper 0 0 7.90    (3.58) 
Instrumentation 1.95    (0.88) 0 0 

Total rudder weight 42.06 (19.08) 37.59 (17.05) 64.26 (29.14) 
  

Table 4  -  Weight Summary  for F-4 Beryllium and Aluminum Rudders 
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Involved are   the   skin,   eye,   lungs  and   respiratory  tract,  and  other  internal 

structures.     The  exposure   to airborne particles  is  more  likely  to occur 

during  processing of material   and   fabrication of hardware.     Adequate   safety 

measures  have   been developed and   published.     The  key   is  an air  exhaust  system, 

or equivalent,   for collection of  Beryllium dust wherever  sawing,   grinding, 

sanding or machining operations are   performed.     Such  a  facility  using standard 

industrial   hygiene   procedures was   used at  MCA1R  for   fabrication of  the  Beryl- 

lium   rudders. 

"'he   limited  short   transverse  ductility creates  a  need  for  care   in  the 

handling and  fabrication of Beryllium parts,   particularly those  made  of mate- 

rial   less  than 0.030  inch   (0.76 mm)   thick.     During manufacture  of  the Beryl- 

lium  rudders  several   Beryllium  parts were  broken or cracked,   and  every one  of 

these   parts was   less  than 0.030  (0.76 mm)   inch  thick.     Thicker material   is 

much   less  susceptible   to damage   from mishandling and  more  tolerant   to varia- 

tions   in manufacturing  techniques. 

The   parts and  the work surfac.   should  be  kept  clean since  a  foreign 

object   between mating  surfaces can create  a high  local   bearing  stress during 

fabrication  resulting   in  part  breakage.     The  use  of  scribe   lines  on Beryllium 

cannot  be  tolerated.     Similarly,   sharp objects  such as metal  chips capable 

of scratching  the  Beryllium should  be  kept clear since  such surface defects 

are  known  to  reduce  strength and ductility. 

3.     SAWING  BERYLLIUM 

Sawing Beryllium sheet was accomplished with a DoAll  Band  saw using a 
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blade speed of 552 feet per minute (2.80 meter/second) and feeding by hand. 

The material being sawed must remain in direct rontact with the saw table at 

the blade throughout the operation to reduce vibration and chatter.  For large 

sheets a foot-like support was added to the saw table against which the sheet 

rested solidly to minimize vibration and cna^ter.  Since there may be some 

chipping and microcracking alo-.g the sawed edge, approximately 1/8 inch excess 

material was allowed on the sawed edge for clean-up by finish machining. Only 

four parts of over three hundred produced for the Reference 1 program cracked 

during sawing. 

4. MACHINING BERYLLIUM 

All Beryllium part blanks were reduced to finished dimensions by machining 

on a vertical milling machine. The use of adequate support along with a special 

square end master mill cutter, relatively low feed and cutter speed rates, and 

small depths of cut ranging from 0.050 inch (1.25 mm) to 0.001 inch (0.025 

mm) for the last cut resulted in successful machining of the Beryllium parts. 

Stack milling of 3 to 6 parts resulted in a considerable reduction of machining 

time where possible.  Figure 28 shows tools used to machine, drill and counter- 

sink Beryllium 

5. DRILLING BERYLLIUM 

Drilling defects which are cause for Beryllium part rejection are: (1) 

de laminations, (2) spalling and (3) cracking. Special equipment, tools and 

procedures are required to consistently drill good holes in Beryllium. The 

Tornetic driller provides positive control of torque and speed to remove ma- 

terial at the most efficient rate. Special carbide drills such as shown in 

Figure 28 permit clean, accurate removal of material so long as they remain 

sharp and  the  point  is  not  rounded.     Care  to prevent  the work piece  from moving 
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during drilling along with control of speed and feed as indicated in Table 5 

permitted successful drilling of Beryllium parts. 

Pressure 
Gauge Torque Speed Torque 

Drill 
Dia. 

Drive Pulley Numbers Setting 
(psig) 

Dial 
Setting 

Dial 
Setting 

Meter 
Reading Motor Spindle 

0.1250 29 24 30 20 100 10 
0.1890 24 29 30 20 100 20 
0.2500 24 29 30 20 100 20 
0.3750 16 36 30 40 100 20 
0.4375 16 36 30 40 100 20 

Table 5- Control Settings For Drilling Beryllium 

Some difficulty was encountered in drilling mating holes through Beryllium 

and other materials for three basic reasons.  First, Beryllium has to be chem- 

ically etched after drilling to eliminate surface defects on the machined 

edges necessitating the drilling of undersized holes. Secondly, the special 

drill bits used for beryllium do not perform satisfactorily in steel or alu- 

minum and conventional high speed drills normally used for steel and aluminum 

do not perform consistently well in beryllium. Thirdly, precise alignment and 

sizing of holes are required to permit as even a distribution of loals between 

and within each fastener hole as possible. The procedure used to overcome 

this difficulty is as follows: 

The mating aluminum and beryllium parts were located in an assembly 

fixture and all hole locations marked with a pencil. A small pilot 

''--"  iitir  
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hole was drilled through all parts using a conventional carbide 

twist drill in a portable air motor on the Tornetic driller.  The 

pilot hole was drilled small enough (1/2 the final hole size) so 

that any defect introduced in the Beryllium would be removed in fin- 

al drilling and etching. After all fastener holes were pilot 

drilled, the parts were disassembled and the holes in the aluminum 

parts were conventionally drilled to final size. The holes in the 

beryllium were then drilled to full size (less allowance for chemi- 

cal etching) using the special equipment and procedures described 

previously. 

Yet spalling occurred at a number of beryllium holes and rough edges were re- 

moved by hand sanding with 180-400 emery paper or redrilled oversize to remove 

the spalled area prior to final etching. In the latter case an oversized re- 

pair fastener was used. No parts were rejected because of defective holes. 

Less difficulty was experienced with drilling holes when mating beryllium 

parts, with fewer than 1%  of such holes found defective. The only real problem 

was cracking believed to have resulted from the lack of adequate backup during 

drilling. 

Although spalling was always immediately evident, delaminations were usual- 

ly not evident until after chemical etch.  When redrilling for a repair fasten- 

er after final etch, it was necessary to locally etch the redrilled hole using 

a felt rod or 'Q'-Tip.  Such a salvage procedure leave the hole oversize and 

out of round and is not suitable for highly loaded joints where all fasteners 

must be fully effective to develop the joint strength. 
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6.  COUNTERSINKING BERYLLIUM 

Countersink recesses in Beryllium for flush fasteners were machined 

using a conventional stop countersink with a carbide cutter such as shown in 

Figure 28. The  machining was accomplished by hand feed in a drill press with 

a cutter speed of 1115 rpm. A piloted backup was used to avoid dimpling. 

Approximately 50 countersink recesses for 5/32 or 3/16 flush fasteners could 

be machined before the cutter had to be sharpened.  As discussed in Section 

II.2, the depth of countersink for flush fasteners must be at least 0.015 inch 

(0.381 mm) less than the thickness of the material to avoid a knife edge at 

the base of the countersink.  In addition, the edge of the hole at the fasten- 

er head-to-shank fillet radius must also be chamfered to prevent interference 

which can damage the Berylliun. or prevent seating of the fastener.  Such 

chamfering can be done with a 45° micrometer stop countersink prior to final 

etch. 

7.  FORMING BERYLLIUM 

Forming was accomplished in a 500 ton hydraulic press with electrically 

heated platens used to heat the forming dies to the desired 1325^ 25OF (990° 

1 14oK)temperature.  Temporary tooling of machined H-13 steel mated dies were 

used for Beryllium forming.  IVo of the rudder ribs were formed with joggled 

flanges, with nomodification to the forming procedure, using dies with jog- 

gled faces. Joggle length was ten times joggle depth. 

In addition to temperature, critical factors for fonning Beryllium are 

the minimum bend radius of 5t (5 times material thickness) and the forming 

rate no greater than 0.15 inch per minute (3.81 mm/minute).  No spring back 

allowance was made and a dwell time of 15 minutes with the die closed was 

I 
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allowed to accomplish stress relief.  After forming larger parts and turning 

off the heating elements, the parts were allowed to cool in the die to prevent 

distortion and warpage.  Parts less than 12 inches (30.5 cm) were removed from 

the die immediatly after stress relief and allowed to air cool without exces- 

sive distortion.   Oxidation of the Beryllium which occurred during forming 

was removed hy liquid honing with a slurry containing Burr-Al-220 aluminum 

oxide abrasive at an air pressure of 60-80 psi (413,000-551,000 N/m2). 

8.  CHEMICAL MILLING BERYLLIUM 

A 107o sulfuric acid (by volume) solution was used for chemical -nilling 

and etching of all Beryllium parts for this program.  With a metal removal 

rate of 0.008 inch per minu'.e (0.203 mm/minute) and a maximum metal removal 

from a surface by chemical milling of 0.080 inch (2.03 mm) the specified tol- 

erance of 0.001 inch (0.025 mm) was achieved in all cases.  Chemical etching 

0.0015-0.0025 inch (0.038-0.063 mm) per surface was required on every Beryl- 

lium surface to remove any microscopic surface cracks or mechanical twins that 

may have been intrcduced during machining. 

9.  JOINING BERYLLIUM 

The key to successfully joining Beryllium to itself or to other materials 

is the minimization of localized high stresses and a relatively even distri- 

bution of stress throughout the joint.  Both adhesively bonded and mechanically 

fastened joints were used extensively in fabricating the Beryllium rudders. 

Design of such joints is discussed in Section II.2, and hole preparation for 

mechanical joints discussed in Sections III.5 and III.6 above.  This section 

will highlight those production steps necessary to accomplish satisfactory 

adhesively bonded and mechanically fastened joints as practiced in fabrication 
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of  the  F-4 Berylliuni  rudders, 

a. ADHESIVE  BONDING 

Bonding materials and procedures used for Beryllium are essen- 

tially the same as used to bond aluminum.  The honeycomb aft torque box is 

a relatively complex structure which was bonded with FM-61 adhesi/e, a nltrlle 

phenolic/epoxy film.  Figure 29 shows the structural details of this assembly. 

The face skins, doublers and edging members are Beryllium.  The non-perforated 

honeycomb core is 5052-H39 aluminum with 1/4 inch cell size and 0.001 inch 

foil thickness, the same as used on the production rudder. 

Bonding should occur within 24 hours after final chemical etch 

providing the parts are protected from contamination during this time. Other- 

wise, a light chemical etch to remove 0.0005 inch (0.0013 mm) from the surface 

is adequate for cleaning the Beryllium prior to bonding. After cleaning, all 

surfaces to be bonded except the honeycomb core were treated with an epoxy 

resin primer (coupling agent, air dried for 30 minutes, and oven dried at 2300- 

240oF (3840-3890K).  The parts were then assembled on a contoured base with 

the FM-61 adhesive film between all faying surfaces.  The assembly was then 

placed in a vacuum bag and compressed when the bag pressure was reduced to 

approximately 10 inches of mercury (33,770 N/m2). While maintaining the vac- 

uum condition, the assembly was placed in an autoclave. Autoclave pressure 

was increased to approximately 25 psig (172,500 N/m2) and the vacuum bag vent- 

ed to atmospheric pressure.  Temperature in the autoclave was raised to 330°- 

3450F (4380-4470K) and maintained for one hour before the assembly was allowed 

to cool while autoclave pressure was maintained. 

b. MECHANICAL FASTENERS 

The foremost consideration in selection of mechanical fasteners 
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for the Beryllium  rudder was  that  no vibration driven  fasteners were  to be 

used  in the  structure.     Over  700 mechanical   fasteners were   installed  in > ach 

rudder  including Hi  Shear  rivets,  Hi  Loks,   Jo Bolts and Cherry  rivets.     Figure 

30 shows  the  front  torque  box detail  parts which were  assembled entirely with 

mechanical  fasteners.     In addition,   the aft   torque  box was  joined  to  this 

forward  torque  box with Hi  Shear and Cherry  rivets.     Individual  fasteners 

were  selected  to  insure  proper  fit:   i.  e.   the  fastener  snuggly  filled  the 

holes yet  force was not  required  to  insert  the  fastener.     On  interior surfaces, 

steel  fasteners are  installed with wet MIL-P-8585 primer whereas aliminum 

fasteners  require  no organic  protection when used with Beryllium.    All  per- 

manent exterior  fasteners were   installed with wet MIL-S-8802  sealant with 

removable  fasteners coated with an epoxy primer  (a mixture  of one volume  of 

515-006 Super Koropon Fluid  Resistant Primer and one volume  of 910-117 Acti- 

vator-DeSoto Chemical Coatings,   Inc.).    All  countersinks were  alodined  per 

MIL-C-5541  prior  to  fastener  installation. 

10.     CORROSION PROTECTION 

Beryllium parts of  the   flight  test rudder were  treated with an alodine 

solution meeting  the  requirements of MIL-C-5541 as soon as  possible after 

final etch as  the  first  step in providing protection against   the  corrosive 

saline  operational environment  to which  it   could be  subjected.     Immersion of 

individual  parts  is  the  preferred  technique with  immersion of assemblies 

avoided since dissimilar metals  on an assembly may cause corrosion when in 

solution.     The deoxidizing procedure  in the  alodine  process   is  prohibited  for 

Beryllium.     Where  necessary,   touch-up of  Inorganic  treated Beryllium was ac- 

complished with a brush applied alodine  solution per MIL-C-5541.    Aluminum 

metals  in this assembly were  also  treated with  the. Alodine  solution. 
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Dissimilar metal contacts  require a minimum of  two coats of paint at  the 

faying surface.     However,   the  use  of M1L-S-8802  sealant  at  the dissimilar 

metal  faying surface  is a  substitute  for  the  paint  requirement. 

Those  Beryllium areas  not exposed  to  the exterior environment were  coated 

with  two coats of MIL-P-8585  zinc chromate  primer prior  to assembly.     All mold 

line  butt  joints were  sealed with MIL.S-8802  sealant.     Slip fits,  press  fits 

and  threaded  inserts  that  form dissimilar metal  contacts were  assembled  using 

wet MIL-P-8585  primer or wet MMS-405 epoxy primer.  The   final  step  in applica- 

tion of  the  corrosion protection system was  the  painting of all external  sur- 

faces of the  completed  rudder with one coat of MMS-405 epoxy enamel. 

11.     INSPECTION 

Standard aerospace  inspection procedures were used on the Beryllium detail 

parts and assemblies.     Fluorescent penetrant  Inspected  several  times  in the 

course of fabrication to eliminate defective  parts at  the earliest possible 

time,  and  to aid  in determining  the cause  of the defects,     fluorescent  pene- 

trant  inspection is not completely reliable  for  locating defects on a machined 

surface  since  the defect   is  often smeared over  in machining and will  not  show 

up until  the  surface  is chemically etched.     Therefore,   final  fluorescent  pene- 

trant inspection should be  performed after chemical etching. 

12.     RUDDER ASSEMBLY 

Assembly of the Beryllium rudders was conducted as a three phase operation: 

(1)  assemble aft  torque  box,   (2)  assemble  forward torque  box and  (3) mate  the 

two assemblies.    While overall assembly was accomplished with what was consid- 

ered minor difficulty,  there were problems  including    damaged parts which re- 
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quired  repair or  replacement.     The  nature  of  such damage will   be  discussed 

for  both  the  ground and  flight  test  Beryllium  rudders along with  a brief 

discription of  the  corrective  action  taken  for each.     The   reader  interested 

in more  specific details  on extent  of damage,  detailed  repair  procedures and/ 

or  tests  conducted   to verify  the   reliability of  the   repair  should consult 

References  1 and   2.     Suffice   it   to  say here  that   the  Beryllium   rudders are 

not   perfect examples  of production  infallability,   but are examples of realis- 

tic  hardware on which production difficulties have arisen and  been overcome 

by parts  replacement or  repair as  required.     The  reliability of  the  repair 

tu-chniquos  used are  best  illustrated  by demonstrated structural   integrity of 

the  completed assemblies  under  simulated and actual   flight  test  conditions. 

After fabrication,  excluding drilling of  fastener holes,   the detail  rud- 

der  parts were assembled  in  the  assembly fixture  using clamps as  shown  in Fig- 

ure  31.     This was accomplished  to determine  the  need for any  final machining 

or  shimming to  insure  proper  fit  of  the various  parts and  to   locate  and pilot 

drill   fastener holes.    After disassembly,   the  fastener holes and countersinks 

were  drilled  to size,   less  allowance  for final  etch of  the  Beryllium parts. 

Following  this drilling operation all  Beryllium parts underwent chemical etch- 

ing and  fluorescent  penetrant   inspection.     Four cracked «embers   (2  ribs and 

2 doublers)  uncovered  in this  inspection were  replaced. 

After  inspection of  the  various  parts,   the  aluminum honeycomb core.  Ber- 

yllium  skins,  aft  spar and edging members  shown  in Figure  29 were  cleaned and 

bonded  together as  previously discussed  in Section TU.9.a  to  produce  the 

trailing edge assembly shown  in  Figure  32.     Upon completion of  the  bonding of 

the  ground  test  rudder tailing edge  assembly a crack was discovered  in the 
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upper right cover skin at the rear spar.  The cause of the crack could not be 

determlnfd.  Because this area of the rudder Is lightly loaded, an external 

doubler bonded over the area of the skin containing the crack was adequate 

to restore the structural Integrity of the assembly. 

The trailing edge assembly of the flight test rudder presented anotSer 

repair problem when ten fastener holes in the lower closure rib were found to 

be misaligned 0.020 inch (0.51 mm) with the mating holes in the drive rib and 

cover skins.  This mismatch was attributed to the probable ilight position 

shift of the closure rib during bonding. 

When attempts to redrill the holes oversize for repair fasteners were 

unsuccessful due to delaminations, a Beryllium channel section was fabricated 

and bonded over the area containing the de laminated holes to splice the two 

ribs together and a Beryllium doubler was bonded rot the area of the cover 

skin containing delaminated holes.  Epoxy 934, a room temperature curing 

epoxy paste-type adhesive, was used to bond the repair doublers and fillers 

in place.  Fastener holes were provided in the doubler and channel for at- 

taching the cover skins to the sub-structure.  This area is shown in Figure 33. 

The flight test rudder also developed a crack in the upper left hand trail- 

ing edge skin running from a fastener hole forward to the edge of the skin at 

the rear spar.  Dye penetrant Inspection after completion of all metal removal 

operations revealed no such flaw, but it was revealed after bonding.  Analysis 

indicated that this skin is not critically loaded, the skin is bonded with a 

doubler to the rear spar in the area of the crack, and the crack terminates in 

the drilled hole which precludes its propagation beyond that point.  Accord- 

ingly, the skin was considered acceptable for use in the rudder assembly.  No 

evidence of extension of this crack has been reported to date. 
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Six small dents were found In the trailing edge cover skins of the flight 

test rudder, three on each side. These denta range in depth from 0.0015 

inch (0.038 mm) to 0.007 (0.18 mm). The dents could have occurred during 

fabrication of the skins or when handling the rudder after fabrication.  Dye 

penetrant inspection of these dents, discovered prior to proof t^st, revealed 

no ".rack'?. Since the trailing edge skins are not highly stressed (maximum 

tensile stress is approximately 6,000 pel (41,300 N/m2) at design limit 

load) and are stabilized by the honeycomb core, the proof test was con- 

ducted without repair of the damage. Post proof test dye penetrant inspec- 

tion gave negative results and no further evidence of damage or defect in this 

area has been found. 

Final assembly of the Beryllium rudders was accomplished using conven- 

tional fasteners and Installation procedures, except that vibration driven 

fasteners were not allowed. The front torque box detail parts shown in 

Figure 30 along with the torque tube fitting, the hinge fittings, the balance 

weight assembly and the leading edge structure were assembled in the fixture 

and joined with Hi-Shear rivets, Hl-Loks, Jo Bolts and Cherry rivets. The 

trailing edge assembly was attached with Hi-Shear and Cherry rivets. Except 

as noted below, the final assembly operation was completed with comparative 

ease. Assembly of the rudder was facilitated by the positive position con- 

trol of all structural elements afforded by the assembly fixture. The high 

degree of accuracy maintained in the fabrication of the forming tools and 

the care exercised in the forming and chem-milling operations resulted in 

relatively little mismatching of parts and subsequent shinning. Hole align- 

ment and subsequent fastener installation was accomplished with relatively 

little difficulty through use of the assembly fixture.  Final assembly of 

the beryllium rudder in this fixture is shown in Figure 34. 
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During assembly of the ground test rudder, while installing fasteners in 

the front spar-to-rib clip, a portion of one flange of the lower balance 

weight rib was broken when bumped by the fastener installation tool. An an- 

gle splice was fabricated and Joined to the rib by both adhesive bonding and 

mechanical fasteners. With the splice, and broken section of the flange serv- 

ing as a filler, the rib was secured to the spars and cover skins In a con- 

ventional manner.  Figure 35 shows the broken rib flange and illustrated the 

manner in which the angle splice was installed. 

The completed assembly of the ground test Beryllium rudder is shown in 

Figure 36. Since no protective covering was required for this assembly, the 

darker coloration of the balance weight and the sheen of the aluminum portion 

of the aluminum leading edge are readily discernible from the dull texture 

of the Beryllium skins and lower leading edge assembly.  The glossy fastener 

heads are also easily discerned against the Beryllium background and provide 

an outline of the location of spars and ribs in the substructure. 
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SECTION IV 

FLIGHT QUALIFICATION TESTS 

1.  Introduction 

The objective of the Beryllium rudder ground test program was to sub- 

stantiate the structural integrity of the rudder assembly and qualify it 

for flight testing on the F-4 aircraft. Test conditions duplicated 

as nearly as practical the design loading conditions discussed in 

Section II including interaction between the rudder and the vertical 

fin-aft fuselage assembly.  Prior to conducting tests on the assembled 

rudders, the mass balance was established and the moment of inertia 

was determined as discussed in Section II. Four ground tests were 

conducted by MCAIR. the first three to qualify the rudder design for 

flight test and the fourth to determine the actual static strength 

of the rudder. These tests are summarized below in chronological order. 

3 Test 1 was a fatigue test of the upper balance weight support 

structure. Mounted on a vertical fin-aft fuselige assembly, the rudder 

was subjected to 50.000 cycles of + 40 g's inertial load on the upper 

balance weight perpendicular to the symmetry plane of the aircraft. 

One of the four aluminum Hi-Shear fasteners used for attaching the 

hinge fittings to the front spar flanges at hinge position Z - 122.72 
R 

failed at 28,275 cycles but no other damage occurred. The failed 

rivet was replaced with a steel Hl-Lok fastener and the required 

50,000 cycles were attained with no further incident. A post test 

inspection did not reveal any damage to the Beryllium rudder 

assembly. After completion of this test the other three Hi-Shear 

fasteners in this area were replaced by Hl-Lok fasteners. 
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1 Test 2 was a rudder design ultimate static test to Condition I 

loads, in which the rudder was subjected to 150% of maximum airload 

with the center of pressure at 30% chord, which produces the maximum 

torque tnat the rudder structure can sustain without overpowering 

the rudder actuator. This test represents the YAW flight condition 

and was completed with no apparent damage to the ruddei. 

' Test 3 was a design ultimate static test to Condition III 

loads, in which the rudder and vertical fin were subjected to 150% 

of maximum total load on the vertical tail, producing the maximum 

vertical tail bending and deflections and hence the maximum bending and 

shear in the .udder due to the compatibility between the rudder and 

fin structures. This test was comF3ated with no apparent structural 

damage and the Beryllium rudder configuration was considered nnalified 

for flight. 

0 Test 4 was a repeat of Test 2 except that the loads were al- 

lowed to increase beyond the 150% design limit load (DLL) condition 

to provide a direct comparison with the production aluminum rudder 

configuration which had previously sustained 225% DLL under this con- 

dition. This test was planned as an ultimate strength test and after 

approximately 205% DLL had been applied a rrack appeared at the for- 

ward end of the lower closure rib. However, the load did not fall 

off and it was subsequently increased to 250% DLL (167% ultimate) 

and held for 30 seconds with no further visible damage.  Test series 

was terminated in favor of other more useful tests. 

At the conclusion of this test series, which was more stringent than 

the one undergone by the production aluminum rudder, the structural 
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integrity of the beryllium rudder  had been demonstrated and all  goals  had 

been reali2ed.     Following  is a description of the  tests and a discussion 

of the  results.     For more detailed  information the  reader should  refer  to 

Reference   1. 

2.      INSTRUMENTATION 

The  actual   instrumentation  ln  use  varied  between  ^  ^^  . ^ 

data   recnirements.     For Test   1   the   instrumentation consisted  of a  500   ,b  (2224 

N)  capacity  force  gage   (Model   2103.   Endevco Corp.)   attached  to  the   loading 

Unk and monitored on a voltmeter  (Model  320.  Balantine  Laboratories,   mo 

Plus  an accelerometer  (Model   2235 C.   Endevco Corp.)   and a vibration  pickup 

with meter   (Models  115 and M-6.   respectively,   MB  Electronics Co.)  which were 

used   intermittently during  the  test   to measure deflection,  acceleration and 

velocity at  various  positions on  the   rudder.     A counter on  the  exciter   record- 

ed   ihe   number of cycles. 

The   instrumentation was  the   same   for all  three  static  tests  consisting 

of  fourteen   (U)   uni.axial   strain gages>   ^   ^   ^ ^  ^  ^^ 

eight   (28)   rotary potentiometers  to  indicate deflection.     T^e  strain gages 

(Baldwin-Lima-lWlton.  AD-13) were  bonded  to  the  rudder at  the   locations 

shown  schematically  in Figure  37.     T^e  other  two  strain gages were   three  axis 

rosettes   located  to determine   the  maximum and minimum  shear  strains  plus   the 

angle  of  principal  strain  in  the  forward cover skins  near the   rudder actuator. 

The   rotary potentiometers   (deflection   iarft«.*       > ceriection  indicators)  were  mounted on a  fixed 

frame  and  connected with   the   rnHHor-  ^ •   .. .   J 
tne  rudder at  points as  indicated on Figure  38.     De- 

tails  of   this   installation can be   seen   in  FiEUre   39       T«^  A  . in  ngure  jy.     lest data was  recorded 

with   the   McDonnell Central  Data Acquisition System. 
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Hinge line 

iu^ 

2S, 4S, 6S 

Notes: 1. Instrumentation installed on both sides of rudder at locations indicated. 

2- ——0-— indicates axis of strain gages. 

"/^       indicates strain rosette. 

3. All instrumentation installed on rudder external surfaces. 

Figure 37 - Beryllium Rudder Strain Gage Locations 

Rear spar 
reference 
line 
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Fin rear spar 

— W.L. 131.0 

W.L. 124.8 

W.L. 1187 

Fin closure beam 

W.L. 81.2 

W.L. 72.5 

28D   N—Rudder hinge line 

Figure J8 - Beryllium Rudder Deflection Point Locations 
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3.  TEST I- FATIGUE I'ESl' OF UPPER BALANCE WEIGHT SUPPORT STRUCTURE 

The objective of this test was to demonstrate the structural integrity 

of the upper balance weight support structure for repeated inertial loading in 

accordance with the requirements set forth in Section II.  The lower balance 

weight support structure is identical to the one previously qualified for pro- 

duction rudders and therefore did not require testing. 

The set-up for the fatigue test is shown in Figure 40.  The rudder was 

installed in a vertical fin-aft fuselage assembly with the fin in a horizontal 

position.  Rudder hinge points were connected as in a normal service instal- 

lation.  The fuselage section was bolted to a fixed support at its forward end 

(fuselage station 515.00). Actuator backup stiffness was simulated by a tor- 

slon spring bolted to a support fixture and connected to the control horn 

attachment of the rudder.  The exciter was connected by a loading link to the 

balance weight by bolting through a I/A inch (6.35 mm) hole drilled through 

the balance weight's center of gravity.  To reduce inertial loads in the fin, 

it was restrained during the test with lead weights and a link attached to the 

tip of the fin and the platform supporting the exciter.  The tension pads 

shown in Figure 40 had been Installed for subsequent use in static testing the 

rudder, but were not used In the fatigue test. 

A 5 cps (Hz) sinusoidal force, perpendicular to the symmetry plane of the 

aircraft and equal to 40 g's peak load, was applleci to the rudder structure at 

the balance weight center of gravity.  This force was applied for 50,000 cycles 

and was equal to 40 times 8.87 lbs. (4.02 kg) of balance weight; force=355 lbs 

(1579 N).  The counter for recording the number of cycles was not activated 

until this pe^K load was reached as indicated by the force gage. 
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A loud sharp noise was heard and testing was immediately halted at 

28,275 cycles.  Examination showed the rudder structure to be unharmed except 

for failure of one of four aluminum Hi-Shear rivets used to attach the hinge 

fitting to the rudder spar flanges at station Zr=122.72 (see Figure 13 for lo- 

cation).  The fracture at a section in the collar retention groove probably 

resulted from the prying action of the test load which was reacted at that 

hinge.  The failed rivet was replaced with a steel Hi Lok threaded fastener 

and testing was continued: the other three Hi Shear rivets at this hinge were 

similarly replaced after the test was completed.  The required 50,000 cycles 

were attained with no further incident. A post-test inspection did not reveal 

any damage to the Beryllium rudder assembly. 

A-  TEST 2- RUDDER ULTIMATE STATIC TEST WITH MAXIMUM AIRLOAD AT W„ THORn 

The objective of this test was to demonstrate the structural integrity of 

the rudder structure under airloads producing the full available actuator hinge 

moment with the airloads center of pressure at 307o chord.  The test loads sim- 

ulated the loads of Design Condition I, described in Section II, and were 

carried to ultimate (150% of limit).  Loading conditions are critical for all 

of the rudder structure aft of the front spar, except the forward torque box 

cover skins and the backup ribs for the hinge fittings. 

The test set-up for this and the following two static test described in 

this section is shown in Figure 41.  The installation of the rudder onto the 

vertical fin-aft fuselage assembly remained the same as for the fatigue test, 

except that a fixed length jig assembly simulating the actuator was installed 

between the rudder and fuselage to maintain the rudder in neutral position 

during the test. The aft fuselage assembly was cantilevered from a fixture, 

shown in Figure 42 at fuselage station 515.00.  Neoprene rubber tension pads 
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for applying test loads were bonded to the surface of the rudder using EC1300 

adhesive (Minnesota Mining and Manufacturing) as previously done on the fin. 

All instrumentation was installed and the pads were linked through a whiffle- 

tree loading system to a hydraulic actuator.  Loads were controlled by load 

programmers (made by Research, Inc.) through a calibrated strain link-feedback 

astern. Only the rudder was loaded in this test and Test 4; the separate ten- 

sion pad-whiffletree loading system for the fin (Figure 41) was used in Test 3. 

Test loads, simulating rudder airloads, were applied to the tension pads 

at a maximum rate of 20% of design limit load (DDL) per 30 sec.  Loads were 

first applied in increments of 20% limit load up to limit load, then reduced 

to 20% limit, and finally increased to 150% of limit (ultimate). From limit 

load to ultimate load the increments were 10% of limit load. All loads were 

held constant for approximately 30 seconds after each increment. Figure 43 

shows a schematic of the tension pad layout and the maximum loads applied 

to the rudder in Test 2. Figure 44 presents a comparison of test and design 

loads for Condition I. 

The strain data recorded during the test are shown in Figures 45 

through 47. See Figure 37 for strain gage location. Note that spanwise spar 

cap strains are greater at the mid and lower rudder locations than in the upper 

areas, but the largest recorded strain is relatively low at 290x lO"6 in./in. 

(equivalent to a stress of approximately 12 ksi (83 MN/m2).  ^ maximwi  stress. 

es for this loading condition occur in the trailing edge cover skins as a result 

of the airloads being carried forward to the rudder front torque box and in the 

torque tube. 

Deflection data are presented in Figures 48 through 51.  Figure 38 shows 
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W.L. 72.0 

Notes: 1. D indicates tension pad and load in pounds. 

2. All tension pads were 5 inches x 5 inches except two pads with 90 lb. loads. 
These pads were 4 inches x 5 inches. 

3. Ultimate load= 1,740 lbs. Ultimate hinge moment = 13,500 in.-lbs. Center of 
pressure at 30% chord. 

Figure 43 -  Rudder Tension Pad Layout and Ultimate Loads  for Test 2 
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100 110 120 
Rudder Station (Zp) -in. 

Figure 44 - Comparison of Test and Design Loads: Design Condition I 
m 
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the location of the various deflection points, with a schematic of the rudder 

deflections at 1507o design limit load presented in Figure 52.  Some twisting 

of the Beryllium rudder is apparent under this loading condition.  There was 

no damage to the rudder during Test 2. 

5.  TEST 3- PLDDER ULTIMATE STATIC TEST WITH MAXIMUM LOADING on VERTICAL TAIL 

The objective of this test was to demonstrate the structural integrity of 

the rudder assembly for the maximum loading developed on the aircraft vertical 

tall during rolling pull-out maneuvers.  The test loads simulated the loads 

of Design Condition III, described in Section II, and were carried to ultimate 

(150% design limit).  Loading conditions are critical for the rudder hinges, 

hinge backup ribs, front spar, and forward torque box cover skins. 

The test set-up is the same as for Test 2 (Figure 41), except that a jig 

assembly simulating the rudder actuator was installed between the rudder and 

fuselage to maintain the rudder in a position four degrees (0.07 radians) from 

the neutral axis in the direction of the applied loads. The tension pad-whiffle- 

tree loading systems for both the fin and rudder were used for applying the 

test loads.  Schematics of tension pad layouts with maximum test loads are 

shown for the fin and rudder in Figures 53 and 54, respectively.  Loading 

was applied simultaneously to the fin and rudder, and controlled by program- 

mers in conjunction with calibrated strain links. 

Test loads, simulating air and inertial loading on the verical tail as- 

sembly, were applied to the fin and rudder tension pads at a maximum rate of 

20% of limit load per 30 seconds, in increments of 20% of limit load, up to 

limit load.  After first reaching limit load, loads were reduced to 20% limit 

then increased to 150% limit (ultimate).  From limit load to ultimate load 
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1. Deflections recorded at 150% design limit load. 
2. See Figure 38 for deflection point locations. 

Figure  52  -  Rudder Deflections:     Design Condition I 
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F. S. 556.43 

; ' 

r öD 
Typical pad spacing 

Rudder leading edge 

NOTES: 1) All pads 5 inches x 5 inches. 
2) Total ultimate load = 22,213 lbs. 

3) Geometric center (-^-) of each row of pads located from F.S. 556.43 
4) In a given row, all pad loads are equal. 

Row No. of Pads Ultimate test load/pad (lb.) 

W.L. 132.0 6 485 
W.L. 123.5 9 248 
W.L. 115.5 U 229 
W.L. 107.5 13 217 
W.L.  99.5 15 207 
W.L.  91.5 17 198 
W.L.  83.5 20 263 

5) Vertical fin test loads were applied in conjunction with and in the 
same direction as the rudder loads shown in Figure 54. 

6) Vertical fin design and test loads are compared in Figure 55. 

Figure 53 - Vertical Fin Tension Pad Layout and 

Ultimate Loads for Test 3 
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-^j 3.50 ^7.01- 

W.L. 72.0 

Notes: 1. Q indicates tension pad and load in pounds. 

2. All tension pads me 5 inches x 5 inches, except two pads with 18.5 lb. loads 
These pads were 4 inches x 5 inches. 

3. Ultimate load = 7841b.   Ultimate hinge moment = 10,260 in.-lb.   Centerof 
pressure at 45% chord. 

4. These loads were applied in conjunction with and in the same direction as the vertical 
tin loads shown in Figure 53. 

Figure 54 - Rudder Tension Pad Layout and Ulti.a 
te Loads for Test 3 
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the   increments were  107, of  limit.     All   loads were held constant  for approx- 

imately 30 seconds after each  increment.      Comparisons  of  test  and design 

loads for the  fin and rudder are  shown in Figures 55 and 56.     The  rudder-fin 

assembly,   before  and after maximum  loads were applied,   is  shown  in Figures 

57 and 58. 

The  strain data recorded during Test 3 are  presented  in Figures 59  through 

61.     Nearly all  the  strain in the  structure  is caused by bending  loads as re- 

flected by the  nearly equal magnitudes and  reverse directions  of  the  strains 

for any two opposite gages.    As predicted,   the maximum strain of 785 x 10-6in., / 

in.   occurred  in the  front  spar at  the   lower hinge  (station Z =93.82).     The 

stress associated with this  strain  is approximately 33 ksi   (228MN/m2)  anci re. 

presents only 65% of the calculated   crippling  strength capability of  the  spar 

cap.     In design of the front spar the conservative assumption was made that all 

bending was carried by the  front  spar  (see  Section II.6)    As  shown by the data, 

the  corresponding strain in  the  aft  spar at  this  station  is  370 X 10-6in./in. 

and  the  stress associated with  this strain is approximately  15.5 ksi  (107 MM/ 
2 

m   ).     Because  the   rear spar carries  some of the  bending  loads  for which the 

front spar was designed,  the  front spar has a reserve bending strength capa- 

bility for this ultimate  loading condition.     The maximum total moment carried 

by  the  front and  rear spars  in combination,  as determined by  the  strain data 

and the  physical characteristics of the spars,   is approximately 24,000 in.-lbs. 

(2712 m-N).     This  is  in reasonable agreement with maximum ultimate design 

moment of  28,000  in.-lbs.   (3164 m-N)  presented  in Figure  18 and  indicates a 

degree  of conservatism in  the  analysis. 

The deflection data recorded during this test are presented in Figures 62 

through 65.     Figure 66 presents a schematic of the  rudder with roaximum  recorded 
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Figure 55  - Comparison of Fin Test and Design Loads:   Design Cond lition III 
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^ 40 
-a 
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OS 
c: 

i= 
20 
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0 

1          1 
/—Test 3 ultimate running load 

2 
i 

§ i n . 1—Des ign ultimate running load 

rj^H ̂ 4-4: 
& 

-OJ_I " » 

y\ !1  ! i ii 11 
II ■ ■"T^T 1.  

12 

14 

Notes: 1. For both design and test, total ultimate load =784 lbs. 
ultimate hinge moment = 10,260 in.-lbs. 

2. Rudder hinge line is torque reference axis. 

70 80 90 100 110 120 
Rudder Station (ZR) - in. 

130 140 150 160 

Figure 56 - Comparison of Rudder Test and Design 
Loads:     Design Condition III 
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Notos: 

1. Deflections recorded at 150% design limit load. 
2. See Figure 38 for deflection point locations. 

Figure 66 - Rudder Deflections: Design Condition III 
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deflections.   By comparison with the deflection schematic for Design Condi- 

tion I (Figure 52), it Is readily seen that the total rudder deflection is 

greater for Design Condition ill.  However, a good  part of the deflection Is 

due to bending loads on the fin which is not as stiff as the rudder.  For such 

a loading condition the spars and skins of the Beryllium rudder would sustain 

a higher proportion of the total vertical tall strains than would aluminum 

members of a production rudder. As a result of the design conservatism pre- 

viously discussed, the curvature of the deflected hinge line was less pro- 

nounced than that used in design. A comparison of the deflected hinge line 

used in design with that developed from the test data (taking out fuselage 

station) is shown in Figure 67. 

There was no damage to the rudder at the conclusion of Test 3.  At this 

point in the test program, with the successful completion of the fatigue test 

and the two ultimate load static tests, the Beryllium rudder was structurally 

qualified for flight test. 

6.  TEST 4- REPEAT OF TEST 2 WITH LOADING CARRIED BEYOND DESIGN ULTIMATE 

The objective of this test was to provide a direct strength comparison 

with the production aluminum rudder which had sustained 225% of Design Condi- 

tion I limit load without catastrophic failure. In Test 4, therefore, the be- 

ryllium rudder was subjected to Design Condition I loading in a manner iden- 

tical to that described for Test 2, except that loads were increased incre- 

mentally beyond ultimate (150% of limit). 

Test loads were applied to the rudder only at a maximum rate of 20% of 

limit load per 30 seconds, in increments of 20% of limit load, up to limit 

load.  From this point to conclusion of the test, loads were applied in incre- 
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ments of 10% of limit load.  Loads were held for approximately 30 seconds 

after each load Increment. 

While loads on the rudder were being increased from 200% DLL to 210% DLL, 

a sharp noise was heard.  However the loads did not fall off and a visual in- 

spection during the hold at 210% DLL failed to reveal any damage to the rudder. 

Consequently, testing continued until the rudder had sustained 250% DLL (1.67 

times loads shown in Figure 43) for 30 seconds.  Testing was then discontinued 

since it was felt testing beyond this point would be of little significance at 

the conclusion of an already successful test program.  Further, it was be- 

lieved other more productive tests may be conducted on the beryllium rudder. 

During the post-test examination, a small crack was discovered in the 

web of the trailing edge lower closure rib of the front torque box at the 

rear spar line. As shown in Figure 68, the crack passed through a fastener 

hole, an area of high stress concentration.  The crack very likely was caused 

by the shear load transferred from the trailing edge assembly at the rib joint. 

No other damage to the rudder was found. 

The strain data recorded during Test 4 are shown in Figures 69 through 71. 

Note the reaction of strain gages 75 and 85 (Figure 70), approximately 760 sec- 

onds after the start of testing. The time corresponds to the occurrence of 

noise at approximately 205% DLL applied to the rudder. These gages are loca- 

ted adjacent to the area of the cracked web on the outer surface of the rib 

caps.  The sudden change in recorded strain confirms the crack occurrence at 

this load level.  Following this surge, the strains recorded by these two 

gages resumed the pattern of other appropriate recorded strains as loading 

increased to 250% DLL and was removed upon termination of the test. 
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Deflection data for this test are shown in Figures 72 through 75.  The 

ioad-deflection relationships are as expected with no unusual occurrences.  Fig- 

ure 7b prt^sents a schematic of the rudder with maximum recorded deflections at 

2b0%  DLL for Design Condition I.  These deflections are approximately twice 

those recorded at 150% DLL (Design Ultimate) along the front spar and only about 

1.82 and 1.75 times as great at the rear spar and trailing edge, respectively. 

The ability of the beryllium rudder to sustain 250% of Design Condition I 

limit load without catastrophic failure demonstrates a strength capability for 

this condition which compares favorably with that demonstrated for the produc- 

tion aluminum rudder. Moreover the beryllium rudder sustained this load after 

being fatigue tested and twice static tested to design ultimate loads - and with 

a damaged primary structural member - in a ground test program more stringent 

than any undergone by its aluminum counterpart. 

7.  EPILOGUE 

At the termination of the planned test program in January 1967, the rudder 

was removed from the test facility, and all tension pads and instrumentation were 

removed from the rudder.  The bare rudder was then shipped to the Air Force 

Flight Dynamics Laboratory at Wright-Patterson Air Force Base. During the 

next nine months the rudder was placed on display at WPAFB and in Washington 

ü. C. on several occasions where it was handled and mishandled by various peo- 

ple. While construction of a Beryllium flight test rudder continued, further 

ground tests were planned for this rudder. 
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Notes: 

1. Deflections recorded at 2507. 
design limit load. 

2. Deflection point locations (Fig. 38y 

l60«n. 

Figure 76 - Rudder Deflections: Design Condition I 
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SECTION V 

ACOUSTIC FATIGUE ENDURANCE TEST 

1.  Introduction 

In November 1967 an acoustic fatigue test was initiated to 

determine the susceptibility of the F-4 beryllium rudder to high 

intensity noise.  The tests were to determine the frequency and 

stress response of the tudder and estimate its faUgue life. Accord- 

ing to Miner's rule somt fatigue damage had occurred in the material 

during the previous fati.ue and static tests, but sufficient stress 

data on the ribs and skins was not available to predict the degree 

of damage.  However, a test program discussed in detail in Reference 

3 was conducted until fatigue failure occurred and interpretation of 

the data revealed the rudder withstood a total acoustic test time 

equivalent to about seven normal lives of the rudder. 

Prior to and at intervals during the acoustic fatigue test, the 

Air Force Materials Laboratory made radiographic (X-ray) inspections 

of the rudder to locate and record internal damage growth.  The details 

of this investigation will he discussed in Section VI; however, refer- 

ence to the results of particular radiographic examinations will be made 

at appropriate points in this section to provide continuity. 

2- Description of Test Facility and Instrumentation 

Test 5 was conducted by the AFFDL Vehicle Dynamics Division in 

their Wide Band Test Facility, Figure 77.  This facility is constructed 
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from composite panels fabricated of steel sheets separated by fiber- 

glass filled cavities.  The noise field in the test chamber is essen- 

tially reverberant. A random-noise type of siren is used in this 

installation with four counterrotating rotors driven by electric motors. 

This von Gierke type of siren produces a random noise spectrum which 

approximates the sound spectrum of a jet engine and allows for shaping 

the spectrum by variations in the rotor speeds. A segmented horn with 

variable cutoff of 156 db is used in this chamber. A detailed descrip- 

tion of this facility can be found in Reference A. 

The instrumentation consisted of four Gulton P42M-6 microphones 

positioned 4" from the rudder surface, two rosette strain gages and 

seven single axis strain gages.  Previous experience with various struc- 

tural configurations indicated the most noise critical components of the 

beryllium rudder were the ribs and skins of the forward torque box. 

Therefore, all instrumentation was located in this general area as shown 

in Figure 78.  Since loading on both sides of the rudder are essentially 

identical for this test, all instrumentation was placed on the right 

side for convenience.  Figure 79 gives a close-up view of a portion of 

the installed instrumentation.  The strain and sound pressure levels 

were recorded on a 14-channel tape recorder.  The data were analyzed with 

octave, 1/3 octave and 10 Hz bandwidth filters and recorded on level 

recorders and X-Y plotters. 

3-  Measured Noise Levels on the Rudder of the F-4 Aircraft 

The results of two independent measurements of the actual noise 

level on operational F-4 rudders were available for use in determining 

the acoustic loads to be applied during acoustic fatigue test of the 
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REAR SPAR 
(REF.) 

STRAIN GAGE NO. 
^"♦-O-»-indicates axis of strain gages. 

y\  indicates strain gage rosette. 

2. All instrumentation on rudder external surfaces. 

3. O AFFDL microphone positions for field measurements. 

4. Q McDonnell Douglas Corp. microphone positions for 

field measurements. 

5. • microphone positions for facility tests. 

Figure 78- Beryllium Rudder Strain Gage and Microphone Locations 
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beryllium rudder and analysis of the test results. 

\A 

< 

The Field Measurements Group of the AFFDL Vehicle Dynamics Division, 

Aero-Acoustic Branch, had previously taken sound pressure level (SPD 

measurements on an F-4C aircraft on the ground with engines running. 

The measurements were taken on the centerline of the rudder forward 

torque box at the bottom and at a point about 2%  feet up from the 

bottom as illustrated in Figure Iß.    Measurements were made at the 

following engine settings: 

a. Full military power + max. afterburner 
b. Full military power + min. afterburner 
c. Full military power 

The results of these measurements are shown in Figures 80 and 81.  Peak 

SPL measurements were slightly higher at mid-span (Location 2) for all 

power settings. The runway conditions produce the highest SPL's on the 

structure due to interaction with the ground and resulting reinforcement 

of the total SPL impinging on the airframe. Figures 80 and 81 show 

that the overall SPL's for the full military power and maximum after 

burner condition were 146 db and 152.5 db for locations 1 and 2, respec- 

tively.  These conditions represent take-off and so have a reasonably 

short duration. 

The McDonnell Douglas Corporation provided measured SPL data on the 

F-4 rudder for three operational conditions when the noise levels would 

be most critical. Figures 82 and 83 present SPL data for the sea take- 

off condition at two locations on the aft spar centerline of the rudder 

as shown in Figure 78.  The overall SPL's with afterburner at MDC micro- 

phone locations 1 and 2 are 149 db and 147.5 db, respectively.  These 

measurements closely approximate those obtained by the AFFDL with vari- 
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Figure 80  -  SPL's Measured  on Rudder  of F-4 AFFDL Data 
Location  1 
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*—^    Military Power (Take-off) 

•    '     Afterburner   (Take-off) 

Figure 82 SPL Data on the Rudder of  the F-4 Aircraft 
McDonnell  Douglas Corp.,   Location 1 
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Figure 83 - SPL Data on the Rudder of the F-4 Aircraft 

McDonnell Douglas Corp., Location 2 
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4-  Test Set-Up, Procedure and Results 

The purpose of this test was to determine the susceptibility 

of an F.4 beryllium rudder to high intensity noise such as produced 

by jet engines.  The tests were to determine the frequency and 

stress response as well as an estimate of the acoustic fatigue life 

of such a rudder. 

The beryllium rudder to be tested had already been subjected 

to a life-cvcle dynamic fatigue test and three static strength tests 

up to and beyond design ultimate conditions.  Some damage to the struc 

ture was known to exist and, from a theoretical fatigue standpoint, a 

certain amount of damage had occurred in the material which would 

reduce the fatigue life of the rudder.  In general, sufficient stress 

data was not available on tho rits and skins from these prior tests 

to predict the damage incurred.  Therefore, the percent of life remain- 

ing in critical acoustic fatigue failure points was unknown.  Under 

such conditions a test to qualify the rudder for the projected 60 

hours of flight test, which would require a very short test of approxi- 

mately two hours, or for the 3000 flight hour life of the aircraft 

would not provide desired data.  The selected alternate test program 

was a test until failure occurred. Failure was defined as a fastener 

failure or a break or crack in the beryllium material that could be 

detected by the unaided eye.  This test would provide the greatest 

amount of information concerning the dynamic and fatigue properties 

of the rudder. Absolute values of time to failure would require inter, 

pretation since the rudder had incurred previous damage.  However, 

since this was basically an R&D program, the most informative program 
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was selected. 

The timing and nature of this test program provided a unique 

opportunity to correlate a non-destructive inspection technique 

which had recently been extended to include berylllum structures 

with the acoustic fatigue test of the rudder. As a part of the 

F-4 beryllium rudder flight test program the McDonne1 Aircraft Co. 

had developed and demonstrated procedures for X-ray radiographic 

examination of the flight test rudder.  Based on MCAIR^s procedure, 

the Air Force Materials Laboratory's Processing and Nondestructive 

Testing Branch successfully applied radiographic inspection tech- 

niques to prepare a pictorial record of internal damage within the 

beryllium rudder prior to acoustic fatigue test, and growth of this 

damage at intervals during the test ser.es.  Details of this inspec 

tion will be covered in Section VI. 

After a preliminary radiographic inspection, the instrumented 

rudder was installed in the AFFDL  Wide Band Test Facility on a special- 

ly fabricated frame as shown in Figure 86.  ** orientation was similar 

to that of the rudder mounted on its hinge points with the noise source 

forward.  Place.nent of the rudder within the chamber was such that the 

SPL was equally distributed on each side of the rudder.  The horn 

mouth can be seen in the background of Figure 86.  The rudder was 

then subjected to the high intensity noise field according to the 

schedule presented in Table 6.  ft« test, with appropriate inspection 

periods, was continued until panei failure occurred# 

The  sound pressure level distribution over the rudder was measured 
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by microphones at the locations shown in Figures 78 and 86. Mea- 

suring the distribution of sound pressure over the rudder was accom- 

Plished at the beginning and end ol each test and at intermittent 

points during the test as determined by the test engineer.  The 

monitoring microphones were continuously monitored.  Strain gage 

data were continously monitored and recorded during the duratic 

of the test. 

ion 

Follow-up radiographs were made after every four hours at an 

SPL of 150 db, and every three hours when the SPL was raised to 153 

db as indicated in Table 6.  This required removal of the rudder 

from the acoustic test facility for transport to the Air Force Materi- 

als Laboratory's Radiographic Inspection Facility. 

TABLE 6 
ACOUSTIC FATIGUE TEST SCHEDULE 

0/A 
SPL 
(db)* 

150 
153 
156 

Length of Exposure at 
Indicated SPL 
   (hrs) 

12 
10 

^5 min. 

X-Ray Inspection 
Previous  (hrs) 

From Test Start 

0, 4, 8 and 12 
16, 19 and 22 

The  test  spectra used  in  the  facility are  shown in Figure 87 

for overall  SPL's varying  from  139.5 dB  up  to  156 dB as measured 

at microphone  position 2  (Figure 78) .     Overall  sound  pressure   levels 

measured  at microphone  positions   1,   2,   3,   and A  (Figure 78)   were 

within 1    1  dB  from  the  nominal  values  given  in Table   6  throughout 

the duration of  the   test.     The   spectra  used were   the   best  approxi- 

^tion  to  the  noise  produced  by  the  aircraft  obtainable   in  the  facility, 

*A11 SPL's  in this report are  referenced  to 0.0002 Dynes/cm2.  
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Figure 87  - Test Spectra,  Microphone Position 2 
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The external parts of the rudder were visually inspected after 

each hour of test in addition to the radiographic examinations pre- 

viously mentioned.  Materials such as dyes were permitted in an 

effort to detect small unopened cracks.  Visual inspections showed 

no failures during the 12 hours at 150 dB nor the 10 hours at 153 

dB.  However, after seven hours at 153 dB it was noticed that the 

skin panel between ribs Rl and R2 (Figure 78) was "oil canning". 

Radiographic inspections further showed a crack propagation in rib 

R2.  The final test was made at 156 dB and an inspection after 45 

minutes showed extensive failures in the lower skin panels on both 

sides of the rudder. 

Pictorial evidence of this damage is shown in Figures 88 thru 93. 

As shown, both forward torque box cover skins and rib R2 were damaged 

extensively with the latter virtually ceasing to exist as a structural 

member (Figures 92 and 93) . Acoustical fatigue failures in aircraft 

skin/stringer construction normally occur near the supporting strin- 

gers where bending stresses are highest.  With previous experience 

having Amm  aircraft skin/stringer construction more susceptible to 

acoustic fatigue damage than honeycomb sandwich construction, prelim- 

inary estimates and placement of all instrumentation had been predi- 

cated upon failure of the forward torque box such as occurred. 

5-  A"alYsis of Rudder Frequency,  strain .nri I.jfe Characteri .M.c 

During the acoustic tests, strains were measured at 9 different 

locations on the surface of the rudder (see Figure 78).  Rosette gagen 

were placed at two of these locations resulting in a total of 13 gages. 
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Figure 89 - Left Side of Rudder After Acoustic 

Fatigue Tests (Close-Up) 
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The strain output of Gages 3 and A was very low and not considered 

meaningful.  Strain readings from the other gages are shown in Figures 

94 through 104, and in Appendix C. Figures 94 through 104 are graphic 

simplifications and grouping by gages of the actual strain measure- 

ment recordings shown in Appendix C, and are shown here for conven- 

ience.  These figures show the root mean square (RMS) value of the 

strain measured in a bandwidth of 10 Hz as a function of excitation 

frequency from 100 to 800 Hz.  Comparison of the different strain 

output spectra for the same overall sound pressure level (0/A SPD 

but for different test times show amplitude and frequency shifts and in 

some cases the shape of the output response curve has changes. Table 7 

provides a numerical presentation of the maximum response frequency 

for each recording strain gage versus the cumulative test time.  Pan- 

el 1, which subsequently failed, experienced double peaking about 

470 Hz on the strain output at 8 hours of test time and this response 

phenomenon continued through 22 hours of acoustic testing.  Also the 

frequency of the maximum response peak from panel 7 increased as ihe 

test progressed.  This change in dynamic properties of the structure 

is Interpreted as due to "loosening up" of some of the riveted joints 

and supported the radiographic finding that a crack was propagating 

in rib R2.  /s the structure "loosened up", its stiffness and damping 

properties would change with resultant modification of the strain 

gage outputs.  Table 8 shows the amplitude and frequency of major 

resonant peaks in panels 1, 2, 3, and 7 (Figure 78) as test time pro- 

gressed.  Major resonant peaks on panels 1 and 7 were originally in 

the 470 Hz range with a second peak occurring about 580 Hz as loading 
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Figure 100 - Out.üt of Gage Nr 9 
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Figure  101  - Output 
of Gage Nr  10 
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TABLE 7 

MAXIMUM RESPONSE FREQUENCY* vs TEST TIME 

CUMUL ATIVE TEST TIME (HR.)/SPL (dB) 
GAGE NR./PANEL NR. 07150 4/150 8/150  127153 227153 227156 

1/1 470Hz 470 

■ 

START END START 
455 

2/1 475 472 460/480 460/495 475 

5/2 400 385 405 

6/2 410 410 395 395 320/40C 

7/3 410 395 370/440 405 320/40! 

8/1 465 475 455/485 460/490 580 

9/1 470 475 460/490 450/475 

10/1 470 460/560 465/495 455/475 450/485 475 

11/7 470 460/560 565 570 575 480 

12/7 470 455/555 570 565 575 590 

13/7 470 475 565 560 575 590 

*Note:  Response peaks at 60, 120, and 180 Hz assumed harmonics of 

line frequency. 

continued.  Peak response for panels 2 and 3 remained in the 400 Hz 

range throughout the test though a second peak about 320 Hz developed 

at 156 dB. 

Having been subjected to a total of 22 3/4 hours In a reveber- 

ant wide frequency band sound field before structural failure oc- 

curred, the problem was to determine the "in-service" life of the 

rudder under acoustic loads from the test data. The extrapolation 

was made based on the following assumptions (a and b): 
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TABLE  8 

AMPLITUDE AND FREQUENCY  RESPONSE OF MAJOR PEAKS 

SPL         Test           AMPLITUDE    AND     FREQUENCY     RESPONSE    OF    MAJOR    PEAKS* 
(dB)         Time           Panel  Nr.         Panel  Nr.         Panel  Nr. Panel  Nr. 
 (HRS)                  1                          2        3 7 

15Ü 

150 

150 

153 

153 

156 

*NOTES; 

0+ 22  in/in 
470  Hz 

23 

12 + 

22- 

22+ 

470 
16 

460-490 
13 

450-475 
16 

460-490 
18 

18 
410 

410 
12 

395 

385 
10 

400 
12 

475-580 320-405 

10 
410 

12 
395 

10 
370-440 

15 
405 

16 
320-405 

20 
470 

470-555 
15 

565-570 
12 

560-570 
20 

575 
20 

480-590 

(1) Maximum strain values  recorded without  regard  to strain 

gage   location at  stated  frequency 

(2) Velues not  shown under  10       in/in 

(3) Analyzer bandwidth  10 Hz 

(4) Response  peaks at  60,   120 and  180 Hz assumed 

a. Damage  incurred by the  rudder prior  to  the acoustic  test did 

not appreciably affect  its  life  or dynamic  properties, 

b. The  rudder accepts energy from the acoustic  field  in  the  test 

chamber in approximately the  same manner as  it would  "in-service".     This 

may be  true  under near-field conditions  such as  take-off but  not  for 

far-field  flight conditions.     The  test chamber is most efficient  in 

exciting structural  vibrations  in comparison with  the  jet engine noise 

field or  the  vibration caused  by the  turbulent  boundary  layer.     There- 

fore,   the extrapolation is considered conservative. 
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TABLE  9 

COMPARISON OF SPL AND EXPOSURE  TIMES  FOR 

THE  TEST CHAMBER AND  "IN.SRRVTrK"  RHVTtl DNMENT 

Average  Test Conditions 

1/3 0/B  SPL 
dB 

CF=500Hz 
140 1A2 144 

Time  Ta 
Hours 

12 10 0.75 

In-Service Conditions 
Requiremerits 

1/3 0/B  SPL 
dB 

CF=500 Hz 

Low Alt. 
Dash 

High Alt. 
Dash 

Take-Off 

132 134 136 
Time  Tr 

Hours 
210 30 12 

Average  Increase   in 
Strain  in Gages on 
Panel   1 Due  to Increase 
in Test SPL 

R 2.1 2.2 2.3 

Ts=RaTa 
Equivalent  "In-Service" 
Hours 

Ts  (HRS) 492 520 48 

Time  Factor Ts 2.3 17 4 

The  frequency  response curves  show that  panel   1,   the  failure  point, 

had a maximum  response at a frequency of about  470 Hz.     Table  9 compares 

the SPL  in a one-third octave  band  (CF=500 Hz),  and the exposure  times 

for the chamber and  "in-service" environment.     It can be noted  in Table 

9  that  the SPL  in  the one-third octave  band around 500 Hz  for each  test 

condition is 8 dB above each "in-service" environmental  condition.     Fig- 

ures 105-107   plot  the  strain measured  by gages 8.   9.  and  10  respectively 

in a bandwidth of  10 Hz during the  reverberant  chamber test as a function 

of 0/A SPL.     The  SPL in a  1/3 octave  band  is also  recorded on the  figure 

for each test condition.    The average  increase  in strain for each test 

and  "in-service"  condition  is also given  in Table  9 and noted as  R.     Let 
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equations V-1 describe  the  S-N curve  for the beryllium material of 

the  rudder: 

N        (») 

■^Ä)' 
(V  -   1) 

where  N is  the  number of cycles  to failure  for a stress  S and  ot is 

the  negative  reciprocal  of  the  slope  of  the  S-N curve  plotted on  log- 

log paper.     The  subscripts  s and  a refer  to the conditions existing 

"in-service" and during the  accelerated  tests  respectively.     Then 

sa =  RSs (V  -   2) 

if the  ratio between the  stresses and  strains  is assumed  to be equal. 

The  following equation is developed by substituting equation V -   2 

into equations V -   1. 

(V -  3) 

Or,since the same frequency was assumed 

Ta 
(V - 4) 

Equation V - 4 predicts the "in-service" life based on results of 

accelerated tests and was used to determine equivalent "in-service" 

hours in Table 9.  This technique considers only one load at a time 

and does pot  include damage caused by the other load conditions.  The 

value of a was taken as 5, which is very conservative.  To determine 

the damage during the complete life of the rudder considering all 
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loading conditions, the following technique may be used.  The damage 

due to all loads may be summed as follows: 

k 

i=l Ni 
(V - 5) 

where i is a specified stress level and there are k levels, n is the 

number of stress reversals at the ith level and N is the number of 

stress reversals to cause failure at that level.  The damage caused 

by the facility test, DM , since there were three test levels, is then 

JH 
n140 + "142 + ^144 

a"Nl40      KTz      V 
(V - 6) 

where the subscripts on the n's and N's in equation V - 6 represent 

the one-third octave band test levels (CF=500 Hz) used during the test. 

Substituting eq V - 1 into eq V - 6 with proper subscript changes gives 

the following: 

X-MO^-.n^^.n^^«  (v_7 

Then,assuming the damage occurs at  primarily one  frequency f and  using 

the  data from Table  9,  eq V -   7  becomes 

\ - (§3« l12 (SH0)a + 10 (V" + 0-75 (SMA)0 1 
(V-8) 

The   in-service damage DMg for one   life  can also be  given in a  similar 

equation as  follows 

\ = (il)a [210 (S132)a + 30 (Si34)a + 12 (S^)«  ]. 

The number of lives for which the test specimen survived Is then 

(V-9) 
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% 

^ 

a „ 
12  C^)" + 10  (SA2)a + 0.75  (i^)a 

3132 '132 

s     210 (l)a +   30 
b132 

222___ 

12 
b132 (V   -   10) 

„ 12 (2.I)5 + 10 (2.8)^ + 0.75 (3.5)5 

210 (I)5   +30 (1.2)5+   12    (1.5)5 

»7 

where  the  stress  ratios were  average values  taken from Figures  105-107, 

as explained previously in equation V -   2. 

The  overall  RMS value    of  the  strain was measured on the  panels 

after eight hours of  testing at an overall  SPL of  150 dB.     Measurements 

were  taken at an overall  SPL  range of  Ul  to  156 dB.     The maximum strain 

values were  found at gage  locations  1 and 8 on panel  1.     See  Figures 

108 and  109.     The maximum value  of  the  strain measured at  156 dB was 

90  juin/in at gage   location  1. 

6.     Conclusions 

The  beryllium rudder has  been subjected to a  reverberant  acoustic 

field with overall  sound pressure  levels  (0/A SPL's)  ranging  from 150 

to  156 dB  for a total  time of  22  3/A hours before  failure  occurred.     If 

the  total  number of  loading conditions are  taken  into consideration,   it 

is  conservatively shown in the  previous  section  that this  total   test 

time  is equivalent  to about  seven normal  lives of  the  rudder.     If each 

load condition is considered  separately,   the  test  indicates that  the 

rudder was acoustically tested  from 2.3  to  17  times the  "in-service" 

requirement for the   individual  conditions.     These  conclusions are  based 
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upon test data, operational data supplied by the McDonnell-Douglas 

Corporation, and material data. It should be noted that the time fac- 

tors are very dependent upon the value of a taken from the material 

S-N curve, and become Very large if less conservative values of a 

are chosen. 

With the maximum overall RMS strain measured at 90 in/in at gage 

position 1 at an overall SPL of 156 dB and an E of A2 x 106 psi (290 x 

lO-* MN/m^) for beryllium, the apparent stress under the gage would be 

about 3800 psi (26 MN/m^). Assuming a maximum stress concentration 

factor of 2, the maximum skin stress in the rudder during the test would 

be about 7400 psi (52 MN/m2).  This figure appears to be below the fa- 

tigue strength of beryllium based on extrapolated data and supports 

the radiograohic findings that the rib R2 was damaged prior to the acous- 

tic fatigue test.  This is also supported by the fact that panel 1 was 

the failure point when the SPL over the rudder for the duration of the 

test was uniform within ±1 dB. 
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SECTION VI 

RADi.XRAPHIC INSPECTION OF THE 
BERYLLIUM RUDDERS 

1.     Introduction 

Concurrent with the acoustic fatigue endurance test discussed iu 

the previous Section, a Series of radiographic  (X-Ray)  inspections was 

conducted by the Processing and Nondestructive Testing Branch. Metals 

and Cerates rivision of the Air Force Materials Laboratory as reported 

in Reference 5.    The purpose of this inspection series was to detect 

flaws or damage to the  structure which were not detectable visually,   to 

document the progressive growth of such damage relative to allied  loads 

for correlation with test results, and to extend the non-destructive 

inspection (NDI)  radiographic data base for confident and reliable 

surveillance of beryllium structures. 

The techniques used in successful  radiographic examination of the 

ground test beryllium rudder had been pioneered by MCAIR on the flight  test 

rudder as discussed in Reference 2.    Though subtle variations in techniques 

were required due to the differences in equipments used by AM. and MCAIR. 

the principal of low applied kilovoltage  permitted both to achieve reason- 

able image contrast on the exposed film.     ^ order of discussion of the 

techniques and results of radiographic Inspection of the two rudders was 

chosen for editorial convenience rather than chronological order since 

the time  span of the flight test rudder inspections bridge  those of the 

ground test  rudder. 
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2.     Equipment and  Procedure  -  Ground Tesc  Rudder X-Rays 

Radiographic inspections of the ground test  rudder, conducted by 

the Air Force  Materials Laboratory (Reference  5),  were performed using 

a Sperry 275 KVP unit having a lower operating limit of 50 KVP.    Radio- 

graphic contrast ia a function of fcto density and thickness of the 

material.    Because the density of beryllium is so  low,  its probability 

of absorbing radiation is  low except when the  longer wavelengths are 

employed.    The beryllium ruddr is also a structure with relatively thin 

sections (Figure 21).    i^cposures for this series of inspections were 

confined to the forward torque box area since experience Indicated acoustic 

fatigue damage was more  likely to occur in the area of skin-stringer con- 

struction than in the area of full depth honeycomb.    The  total  thickness 

of both panels to be  penetrated by the  radiation varies between 0.046" 

outside of the spar and ribs areas to a maximum of 0.260" within a typical 

section of the forward spar.    The two factors of  low material density and 

thin sections require a low kilovoltage applied to the X-ray tube to achieve 

adequate 1-nage contrast.    The optimum energy was estimated between 10 and 

20 KVP for the thickness of the forward spar section.    However,  this low 

voltage was not possible using the standard Air Force stock item X-Ray 

equipment which was available.    Operating at the  lower limit of 50 KVP and 

using type M ready pack film,   successful exposures were made with 225 mil11- 

ampere-second at a  target,   to  film a distance  of 68  Inches.    A series  of 

radiographic  inspections were conducted in conjunction with tfa acoustic 

fatigue endurance  test as discussed in Section V,    Table 6 presents a 

summary of this inspection schedule with the  zero time being after the 

static and dynamic flight qualification tests but prior to acoustic fatigue 
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tests.    Tlie results of this zero time inspection served as a base for 

locating prior damage or detecting new damage caused by acuustic  loading, 

and tracing damage  growth due  to acoustic  fatigue. 

3.     Results and Discussion -  Ground Test  Rudder X-Rays 

Prior  to  radiographic examination of the  ground  test  beryllium 

rudder,  the only damage  reported was a crack in the  lower closure  rib 

(Figure  68)  generated during Test 4.     The  first  radiographic examination 

of this rudder in November 1967,  prior to acoustic fatigue testing, dis- 

closed other anomalies which were tracked during the test.    The most 

significant was a crack-like indication within rib 12 (Figure   110) strate- 

gically located aft of the  lower hinge as shown in Figure   78.    The arrow 

on Figure   110 points  to the barely discernible  discontinuity in the  rib 

flange which indeed developed into a readily identified crack which grew 

during the acoustic fatigue  test and was a part of the eventual failui«. 

Extension of the crack to the rivet hole after 4 hours at a SPL of 150 dB 

is shown in Figure   111.    After a total of 8 hours of sonic testing at 

150 dB the crack had extended beyond the  fa^ener hole and a piece of the 

rib had broken off as shown in Figure   112.    See Figure 42 to compare 

irregular shadow in  lower center of Figure   112 with actual broken pieces 

of the rib recovered after termination of the acoustic fatigue test. 

The equipment utilized for these X-ray exposures was the Air Force 

facilities.    The  limitation on lowest    usable  kilovoltage  (50 KVP)  results 

in lower image contras    than would be available  in the kilovoltage range 

from 10 to 50 KVP reported by McClung in Reference 8. 
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4,  Equipment and Procedure - Flight Test Rudder X-Rays 

A Model T55-52, 50 KV Picker X-Ray Unit shown in Figure 113 was 

used by MCAIR to radiographically inspect the entire beryllium structure 

of the flight test rudder.  The rudder was placed on foam pads resting on 

a table as shown in Figure 114. The X-ray tube^ which had a beryllium win- 

dow and a focal length of 40 inches, was located above the rudder.  Pene- 

traraeters were located on the rudder so that the quality of the radiographs 

could be determined later. Type "B" film, 14 x 17 inches was placed 

between the rudder and the foam pads. The film was exposed using 26 KV, 

10 ma, and an exposure time of 30 seconds, and was developed by an X-Omat 

Automatic Processor, The developed radiographs were of good quality and 

were viewed on an illuminated viewer. 

A series of thirteen overlapping radiographs were required to obtain 

complete coverage of the rudder as shown on Figure 115. Three sets of 

radiographs were taken at intervals in the flight test program and compared 

in an attempt to locate damaged areas and track crack growth if suspect 

indications were indeed cracks. These sets were taken at the following 

flight intervals. 

1st SET - 47 flights, 53 hours 18 minutes 

2nd SET - 90   "   ,100  "  30   " 

3rd SET -158        "       ,184      "      24        " 

The   last set was taken at the time of termination of flight tests.    In 

addition to review by MCAIR,  Mr.  J.A.  Holloway of the Air Force Materials 

Laboratory NDT & Mechanics Branch viewed the radiographs as  the>   .ecame 

available.    This was done  to obtain an independent and knowledgeable 
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Figure 115-Layout for Radiographic Inspection 
of Beryllium Flight Test Rudder 

assessment of the radiographs since reading and analyzing the film is 

subject to interpretation. This .iso permitted direct comparison of 

ground and flight test rudder radiographs since the radiographic inspec- 

tion series on the ground test rudder was performed by Mr. Holloway. 

^ Results and Discussion - Flight Test Rudder X-Ravs 

Irregular dark lines In the three areas of the rudder as indicated 

in Figure 116 provide visual evidence of possible cracks in the beryllium. 

In general, such indications are difficult to locate on the radiographs 

because of the very fine width and low contrast.  Sketches of these 
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Front spar 
ief. line 

Rib 
ref. lines 

Rear spar 
ref. line 

Notes 1. Areas containing indications of possible damage shown bv f ) 
K. /• 

Figure  116-Areas of Beryllium Rudder Where  Indica- 
tions of Possible Damage Were Discovered 
During Radiographic Inspection 

indications are shown in Figures 117,   118,  and 119 for areas 1,  2 and 

3,  respectively.    All appear to be on the  right side of the rudder.     Since 

the indication in Area 1 was  located in a part that was completely 

exposed except for the surface between the skin and the channel flange, 

the paint was stripped from the exposed surface of both and a dye pene- 

trant inspection was made after the first set of radiographs were taken. 

No cracks were found,  indicating that if a crack did exist in this area 

it is not through the thickness and it orglnates on the faying surface 
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Torque box cover skin 
and front spar flange 

Torque box 
cover skin 

Note: See Figure 116 for Location of Area 3 on rudder. 

Figure 119- Indications Located in Area 3 

between the drive rib flange and the cover skin. Based on the evidence 

available and experience with the ground test rudder, it was sumised 

that if these anamolies were cracks then they had been in the rudder since 

fabrication, and could have resulted from installation of the fasteners 

attaching the cover skins to the ribs.  Since the rudder is not a safety- 

of-flight item and had been flown successfully with these indicated 
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anomalies,   it was decided that the rudder was structurally capable of 

further flight testing provided pre-and post-flight visual  inspections 

were made and that these areas were monitored periodically by subsequent 

radiographic  inspections. 

Comparison of the second and third sets of radiographs with the 

original set revealed no indication of crack growth or other change in 

the  structural condition of the rudder in the  intervals between inspec- 

tions.    If the  indicated anomalies were  indeed cracks there was no 

growth during the  last 130 hours of flight,   lending credence  to the 

belief that the cause of these  indications existed from the time of 

fabrication. 

6.     Commentary 

As a result of the work done by MCAIR and AFML,  radiographic inspec 

tion techniques have been developed and demonstrated as a valid non-destruc 

tive  inspection procedure for complex,  thin-gage beryllium structures. 

However,  the  radiographic technique employed  leaves some doubt regarding 

equipment capabilities due to  low image contrast.    Should re-usable 

aerospace structures fabricated of thin sections of beryUium become produc- 

tion items, an X-ray machine falling within the kilovoltage range from 

5 to 50 KVP would be a necessary Air Force  stock item for field main- 

tenance inspection.    Further technique development in this area would 

also be required.    Penetrameters* employed as quality indicators are 

thP t EirJlflÜ* iS a thin Section of the "-aterial representing 2% of 
th! SfÜlJ^S?" radioeraPhed and containing a series of drilled holes- 
rLteT ^ eqUal  t0 l'  2' ^ 4 timeS the thickness of the ^V 
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1 

difficult to machine in this section because of the brittle nature of 

the material. The detection of cracks using radiography also depends 

upon the beam orientation and the crack size. Both of these factors 

are interrelated. Unfortunately, information in this area is not available. 

However, other NDI techniques such as ultrasonics, penetrants, and eddy 

currents can be used to further characterize the structure for lack of 

bond and external cracks. 

; 
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SECTION VII 

TEST 6 -  RESIDUAL STRENGTH STATIC TEST 

1.     Introduction 

After tlM acoustic fatigue test of the ground test F.4 beryllium 

rudder was completed with considerable damage to vital members but with 

the component basically intact,  the question of residual  strength became 

significant.    The damage sustained was similar to that which may occur 

from ballistic impact during combat operations.     The rudder was  further 

damaged by mishandling,  such as one might expect as the result of improper 

care during field operations.    This damage was  in the form of several 

punctures  in the skin aft of the torque box and  the trailing edge closure 

rib  (Figure 120). 

No vertical fin-aft fuselage section was available at Wright-Patterson 

AFB on which to install the rudder for tests such as was done for flight 

qualification tests.     With the damaged forward torque box cover skins and 

h'nge back-up rib designed for Condition III loads which produce maximum 

vertical tall bending deflections,  Section II.4,  it was decided to conduct 

the residual strength static test under  loading conditions similar to 

Test 3.    However,   installation of the rudder in the relatively rigid I-beam 

test set-up as compared with a normal airframe mounting system restricted 

the deflection of the forward spar and modified the strain on aft structural 

members.    By monitoring and recording strain, deflection and load data it 

was possible to accurately detemlne the  response of the damaged rudder 

to simulated critical flight  load conditions.    After a series of incremental 
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load increases,  failure occurred after 15 seconds at 200% DLL. 

2.    Instrumentation 

The   location of instrumentation was of  prime  importance  to record 

response to  loads    both        as a measure of the rudder strength itself 

and for comparison with  previous tests  to determine changes  in  load dis- 

tribution in the rudder due to structural damage and increased rigidity 

of mounting fixture.     While  instrumentation used during previous  tests 

was partially duplicated to supply reference values for direct comparison 

other gages were strategically located to supply data concerning redistri- 

bution of loads and deflections. 

A total of twenty (20) deflection locations wet«  instrumented as 

shown in Figure 121 as compared with twenty-eight (28)  for previous static 

tests  (Figure 38).    The  identification number for each  location remains 

the same to simplify data comparisons.     It was felt that some of the 

data points could be eliminated from this test without  loss of significant 

information; however,  all data points in the vicinity of the structural 

damage were  retained.    Displacement transducers used were Research,  Inc. 

Mode Is 4040 and 4046. 

Strains were measured at twenty locations,  ten on each sur- 

face,   as shown schematically in Figure 122.    By comparison,  only six- 

teen locations were instrumented for previous static tests  (Figure 37). 

Because of the damage sustained it was necessary to relocate some strain 

gages  in the area of damage and add additional ones  to determine load dis- 

tribution in this area.    The numerical identity of similarly located strain 

gages are the same for comparative purposes with new or relocated gages 
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131.0 

25D,   26D,   27D   located 
on jig hinge  fittings; 

28D,   located on torque 
shaft   fitting; 

All are vertical at 
0% load 

«</ 

02.0 

Ü—7^ 

Figure  121 - F-4 Beryllium Rudder Deflection 
Transducer Locations 
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assigned higher  numbers  to eliminate coi.fusion  in analyzing data.     The six- 

teen strain gages   (Figure  122)   located  to measure bending  in the main spars 

and  two positioned  to measure bending  in the  trailing edge closeout 

rib immediately aft of the  rear spar are uni-axial gages manufactured by 

Micro-Measurements Inc.,  type EA.05-250BF-35O.     The remaining two gages 

(Numbers 30 and 31) are three-axis rectangular rosettes  located in such 

a manner as to measure the  shear strain in the surface  skins between the 

bottom close-out  rib and the  rib at ZR station 85.869.    The  rosettes were 

Micro-Measurements,   Inc.   type EA-05-250BF-350.     All strain gages had gage 

factors of 2.105,a resistance of 350 ohms,  a gage  length of 0.25 inches, 

and constantan foil grids. 

Two 1000 pound capacity,  universal type,  double bridge  load cells 

were used to monitor and record the applied  loads.    Data was recorded 

ON-LINE and on magnetic  tape  in the  OFF-LINE mode  using the AFFDL Structures 

Test Facility-s Data Acquisition/Processing System (DAPS).    Data samples 

recorded every five  seconds enabled the  test  loads to be monitored and 

applied in very accurate increments. 

Figures  123  and  124 show the  installation of the tension pads  and  in- 

strumentation on ttic  left and right hand side of the damaged rudder,   respec- 

tively.    Figure  125  is a close-up of the left  side of the rudder showing the 

extensive damage  to the lower hinge back-up rib.     The damage shown in these 

photographs was  generated during the acoustic  fatigue test discussed  in 

Section V. 

3*    Residual Strength Test Set-Up and Procedure 

Test 6 was conducted in May 1969 by personnel of the AFFDL Structures 
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Typical installation 
gages 1, 2. 3, 4, 20, 
21, 30, and 31 

Typical installation 
gages 13, 14, 11, 12. /0 

26, 27, 24, 25, 
22, 23 

S* 

sy7 

The second nr in ( ) refers 
to lower or R.H.S. strain 
gage. 

Figure 122 - F-4 Beryllium Rudder Strain 

Gage Locations 
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Division, Experimental Branch, in their Structural Test Facility. The 

test set-up is shown in Figure 126. Fittings were fabricated for each 

of the three hinge attach points and the torque shaft fitting and 

attached to the rudder, using normal service hardware and torque values. 

The two inch square aluminum tension pads had been bonded to the upper 

(left) surface, using General Electric RTV 106 adhesive. These were lo- 

cated so as to distribute the loads around the damaged areas without 

inducing any reinforcing effects. The pads were linked together through 

a whiffle-tree system connected to two hydraulic cylinders. Load control 

was accomplished with an Edison Model D Hydraulic Load Cabinet. A rigid 

frame was assembled for mounting the deflection transducers and positioned 

directly beneath the rudder. The deflection transducers were fastened to 

the frame and connected to the pads previously bonded to the lower (right) 

side of the rudder. 

Prior to application of load all readings were "zeroed" and an upright 

with a ruler attached was positioned ne^t to the bottom trailing edge of 

the rudder as a visual indicator of the maximum deflection. Figure 127 

shows the rudder in the zero load condition. 

Loads representative of Design Condition III were applied in increments 

of 10% DLL with each increment held constant for approximately 30 seconds. 

These loads simulate the loading developed during rolling pull-out man- 

euvers. This condition is critical for the forward torque box cover skins, 

front spar, hinges, and hinge back-up ribs. Figures 128 and 129 are plots 

of the applied loads for Load Cell 1 and Load Cell 2, respectively.  When 

applied load reached 807, DLL a loud noise was heard in the structure; 
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however, loads did not drop off and there was no visual indication of 

increased da.nage. Loading was continued and at 150% DLL the combined 

load totaled 785 pounds producing a hinge moment of 9,650 inch-pounds. 

At a combined load of 1079  pounds (200% DLL) the bottom trailing edge 

deflection was approximately two inches, as can be seen by comparing 

Figure 130 with Figure 127. Approximately 15 seconds after this load 

was reached the rudder failed catastrophically as shown in Figures 131, 

132. and 133. 

A' Test Results and Disms^inn 

The failure of the rudd. was instantaneous, pennitting no documen- 

tation of initiation p .int .nd .rogress through the structure. However, 

by considering the stresses in the several members along with the known 

damage in existence, the t.st engineer was able to develop a most likely 

sequence. The failure apparently began at the crack previously created 

in the trailing edge lower closure rib, continued through the heavily 

damaged lower section of the torque box and ended immediately above the 

lower hinge attachment fitting.  Figures m . 133 show ^ ^^^ 

brittle-like failure of the beryllium rudder. 

A review of the data reveals relatively high stresses in the vicinity 

of the damaged area just prior to failure with a maximum stress of about 

36,000 psi (2.8x106 **>,    Figures ,3, . ^_ ^^ ^ ^ ^ 

vs. time converted from strain gage data.  The largest stresses were 

recorded in the immediate vicinity of the crack in the lower closure rib, 

with the next higher stresses measured at the front spar near the lower 

hinge.  It was these areas through which the final break occurred. 
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Figures 139 through ,142 plot the deflections measured throughout the 

beryllium rudder residual strength test.  At 200% DLL the maximum recorded 

deflection was 1.99 inches (5.06 cm) as measured by deflection transducer 

2AD.  Table 10 shows the maximum deflections measured for each of the 

four static tests to design ultimate load (150% DLL) conditions or beyond. 

Table 10 - Beryllium Rudder Maximum Deflections in Inches 

Deflection Point     Test 2      Test 3      Test 4 

ID 
2D 
3D 
4D 
5D 
6D 
7D 
8D 
9D 

10D 
11D 
12D 
13D 
14D 
15D 
16D 
17D 
18D 
19D 
20D 
2 ID 
2 2D 
23D 
24D 

0.61 
0.54 
0.50 
0.44 
0.36 
0.31 
0.25 
0,20 
0.18 
1,10 
1.10 
0.98 
0.86 
0.83 
0.80 
0.67 
1,43 
1,50 
1.64 
1.65 
1,75 
1.83 
1.98 
2.04 

5.38 
5.00 
4.50 
3.95 
3.40 
2.88 
2.25 
1.95 
1,72 
5,80 
5,45 
4,32 
3.70 
3,32 
2.80 
2,22 
6,30 
5.95 
5,70 
5,30 
5.00 
4.50 
4,10 
3.78 

1.15 
1.03 
0.98 
0.80 
0.75 
0.62 
0.48 
0.45 
0.37 
1.98 
2.00 
1.80 
1.58 
1.55 
1.44 
1.20 
2,50 
2,63 
2,75 
2,92 
3,05 
3,22 
3,43 
3,60 

Test 6 

0.12 
0.05 

0.05 
0.02 
0.03 
0.06 
0.09 
0.11 

0.58 
0.57 
0.56 
0.55 
0.83 

1.15 

1.48 

1.99 

While the loads for Test 6 were the same as those applied to the rudder 

in Test 3, the use of a rigid mounting system for Test 6 resulted in a 

deflection pattern more closely resembling Test 2 and 4. This is shown 

graphically in Figure ^43 where maximum recorded deflections are  plotted 

against a zero load position for comparison. The deflections are  scaled 
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Test 6 

Figure 143 - Graphic Presentation of Beryllium 
Rudder Maximum Deflections 
Under Static Loads 
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relative to each other though exaggerated relative to dimensions of the 

rudder to better show the deflüction patterns. Though severely damaged 

with much load-bearing material destroyed, the forward torque box retained 

exceptional rigidity up until total failure of the rudder. 

Based upon the results of the extremely rugged series of tests to 

which this beryllium ground test rudder was subjected, and its response 

to loads, it can be safely said that the beryllium rudder exceeds the 

strength requirements for this application. This test series also shows 

that thin-gage beryllium structures, though the material is extremely 

limited in short transverse ductility, can survive loads which cause 

bending even in a damaged condition. 
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SECTION VIII 

BERYLLIUM RUDDER FLIGHT TEST PROGRAM 

1.     Introduction 

The  flight test demonstration program was an extension of the flight 

qualification program discussed previously in this report and in more 

detail in Reference   1.    Reference 2 provides a detailed description of 

the flight demonstration program through 90 flights totaling  100 hours 

and 30 minutes of flight time  over a 15-month time period.     At this point 

the contract was closed out,  all goals having been met; however,  the 

rudder remained aboard the balled aircraft by mutual agreement between 

MCAIR and AFFDL.     The beryllium rudder remained on flight  status for an 

additional two years until  in August 1971  it was  removed during modlfl- 

cation for the  "Fly-by-Wire"  flight test program.     At this  time the  rudder 

had accumulated a total of 158 flights, logging 184 hours 24 minutes of 

flight time  in a variety of environments  including visits  to Ramey AFB, 

Puerto Rico,  and McDill AFB,  Florida in addition to the primary operational 

site of Lambert St.   Louis Municipal Airport, 

The flight test beryllium rudder is structurally identical  to the 

ground test beryllium rudder except for minor design improvements (Figure 

22) and an added corrosion protection system.    The  berylllim flight test 

rudder weighed 40.11  pounds  (18.19 kgs) as compared to 37.59 pounds (17.05 

kgs) for the ground test rudder.    The weight increase was basically caused 

by the addition of the corrosion protection system and an accompanying 

increase in balance weight.    Fully instrumented and balanced for flight 
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testing,  the  fly weight  of the  rudder was 42.06 pounds  (19.08 kgs), 

which  represents a 34.6% weight  savings over the  production aluminum 

rudde r. 

Prior  to  installing the rudder on an aircraft,   it was  proof tested 

as  a  safeguard against  the possibility of existence  of undetected damage. 

The beryllium rudder was  then installed and  flown on a  flight  test YF-4E 

aircraft as  shown in Figure  144.     Flight  tests were conducted  on a ride- 

along basis  and no  flight restrictions whatsoever were  imposed on the air- 

craft because of the beryllium rudder.     In fact,   during the  early flights 

when recording capacity was available and  the  instrumentation hooked up, 

the  aircraft was  subjected to steady yaw and rolling  pullout maneuvers 

which  impose maximum design limit   loads  on the rudder,  and data was record- 

ed  to measure  structural response.     During one rolling pullout maneuver  two 

consecutive  360° rolls were  inadvertently performed,  exceeding  the aircraft 

flight envelope and  imposing  loads on the   rudder estimated at  205% of design 

limit  loads.     This occurred in flight #10, with approximately  10 accumulated 

flight hours on the  rudder.    As a result of these   loads a permanent buckle 

was  formed  in the  skin of the  forward  torque box.     A subsequent  inspection 

of the area around  the  buckle,   of the  remainder of  the  rudder,  and of the 

complete aircraft did not reveal any other damage;   therefore,   flight testing 

was  continued.    After 53 hours  18 minutes of accumulated flight  time,   the 

rudder was removed from  the aircraft and underwent a thorough visual, dye 

penetrant, and radiographic inspection in the  laboratory.    No evidence of 

any further rudder damage was found with the exception of some  paint  flaking 

and  some minor indications. 
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detrimental to the structural integrity of the rudder was found. At 

no time was there any indication that the beryllium rudder might not be 

flight worthy, and testing was terminated because of the unique require- 

ments of Phase II of the Survivable Flight Control Program for which 

the aircraft was modified Including replacement of the beryllium rudder 

with a standard aluminum rudder. 

2. Differences Between the Ground Test and Flight Test Rudders 

Two minor changes were incorporated in the design of the flight test 

beryllium rudder as a result of the Reference (1) program, Furthen ore, 

the flight test rudder was protected against corrosion and its trailing 

edge assembly sealed against moisture. These differences between the ground 

test and flight test rudders are discussed below, 

a. Leading Edge Skin Splice 

The leading edge splice at the lower end of the flight test 

rudder was modified as shown in Figure 22, to eliminate the interference 

between the splice and the seal on the fin closure spar. As indicated, 

the beryllium skin was chem-milled down to a thickness of 0.060 inch where 

it attaches to the splice, and the splice thickness was reduced from 0.100 

inch to 0,090 inch. To eliminate the possibility of a knife edge due to 

countersinks, the depth of the countersinks was at least 0.015 inch less than 

the plate thickness of 0.090 t'oo^' The modified splice was attached with 

the same fasteners (3/16 inch diameter steel Jo-Bolts) as previously used. 

Strength analysis of the modified joint indicated a large margin of safety. 
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b. Hinge Fitting Fasteners 

Steel Hi-Lok Fasteners were used exclusively for attaching the 

hinge fittings to the front spar flanges of the flight test beryllium 

rudder.    In fabricating the ground test rudder, Hi-Shear aluminum rivets 

were installed for this purpose at hinge position ZR = 122.72.    However, 

one of these aluminum Hi-Shear rivets failed during the balance weight 

fatigue test conducted on the ground test rudder and subsequently they were 

replaced,  before proceeding with the ground test program, with steel Hi-Lok 

fasteners.    The change to Hi-Loks improved static and fatigue strength 

and facilitated fastener installation. 

C     Sealing the Rudder Trailing Edge Assembly 

The  trailing edge assembly was sealed against moisture in accordance 

with the  requirements established for the production rudder.    This proce- 

dure is followed to prevent deterioration of the honeycomb core caused by 

repeated freezing and thawing of moisture which might otherwise enter the 

bonded assembly during its service  life.     All clips attached to the aft 

spar,  their fasteners, and all other areas where the possibility of moisture 

entry exists, were sealed with EC-2216-B/A Sealant (Minnesota Mining and 

Manufacturing).    Figure 145   shows a rib clip fastened to the aft spar 

and sealed as required. 

d.     Rudder Corrosion Protection 

During the Reference    1    program,  corrosion tests were performed 

in a 5% salt solution  spray to establish the effectiveness of the candidate 

surface  finishes for corrosion protection of beryllium structures.    A 

chromic acid electrolyte was used to anodize  (chemically oxidize)  the 
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beryllium as a surface preparation prior to painting. Although anodizing 

effectively retarded corrosion, it caused extensive pitting which reduced 

the mechanical properties of beryllium sheet. An inorganically (cerami- 

cally) bonded aluminum coating (Semetal, Type W) was developed specifically 

for corrosion protection of beryllium, but this surface coating spalled 

when the specimen was subjected to tensile loading approaching yield stress. 

Epoxy paint applied to bare beryllium prevented corrosion but did not pass 

adhesion tests. The corrosion protection system finally selected was to 

alodine (chromate conversion coat) the beryllium surfaces and then epoxy 

enamel paint or zinc chromate prime. This system provided satisfactory 

corrosion protection; the alodine treatment had no adverse effect on the 

mechanical properties of beryllium and constituted an excellent surface 

preparation for painting. The rudder corrosion protection process is 

described more completely in Reference 1. 

3«  Flight Test Rudder Instrumentation 

Instrumentation on the rudder was provided to record front spar bend- 

ing strains at three locations, and torslonal shear strains in the torque 

tube during both proof testing and flight testing. The locations of the 

strain gages and strain rosettes are indicated on Figure 146. In addition, 

a 100 percent backup system of gages was Installed immediately adjacent 

to the gages shown. All strain gages and strain rosettes were bonded to 

the rudder using GA-2 cement (Budd, Inc.), and were sealed against moisture 

and contamination with Gagekate 5 (Micro Measurements). The 90° strain 

rosettes (EA.13-12TD-350 Micro Measurements) bonded to the torque tube 

were wired into a single bridge to record torslonal strains only. Since 
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Hinge line 

View A-A 

ZR 103.5 

Front spar 
ref. line 

Mi, 0.3 (Typ.) 

Hinge- 

Strain rosette 
ZR 76.2 

Rear spar 
ref. line 

Aircraft symmetry 
plane 

Strain rosette 

Power cylinder attach point bellcrank 

Notes: 1    ——o—vindicates axis of strain gage. 

A   instrumentation is on inside of rudder front spar, one on each flange, oriented parallel to hinge line. 

/S\  Two pair of gages at this location, 180 degrees apart. In each pair, the gages are perpendicular to 
one another and oriented 45° to the hinge line. 

4.   A 100% backup system of gages was installed adjacent to the gages indicated above. 

Figure 146 - Strain Gage Locations for 
Flight Test Rudder 
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all rudder torque i* transmitted through the torque tube to Che actuator, 

the strain rosettes provided a means of measuring the torque (hinge- 

moments) during the proof test and, subsequently, during flight test. 

The strain gages (EA-06-090EG.350 Micro Measurements) bonded to opposite 

flanges of the front spar were bridged to provide only bending strain read- 

ings, with inherent temperature and axial load compensation. During proof 

test, strains were recorded with the McDonnell DYMEC Data Acquisition System. 

Calibration procedures used in proof test data acquisition were carefully 

controlled to ensure correlation with the aircraft data acquisition system 

used to record strains in flight. 

Instrumentation already existing on the flight test aircraft was used 

to record Mach number, altitude,  dynamic pressure, stagnation temperature, 

vertical load factor at the aircraft-s center of gravity, and rudder position. 

Rudder hinge moment and bending strains were, recorded by means of the strain 

gages described above. An instrumentation pod was installed at the external 

store station on the aircraft's centerline for recording the flight test 

data. Voltage control oscillators, signal conditioners and a magnetic tape 

recorder were located within the instrumentation pod. Outputs from the 

strain gages were transmitted via shielded cables (22 gage) to the signal 

conditioners, were monitored by united Electro-Dynamics Voltage Control 

Oscillators, and were recorded on a 14 track Parsons Model AIR 2400 magnetic 

tape recorder. 

^. Rudder Mass Balancing 

Mass balancing of the rudder is required to decouple dynamically the 

rudder motion from that of the fin. The procedures for the flight test 
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properties, though they are haaloaUy the same aS for the ground teat 

rudder. The equipment used to mass baianoe the beryUium rudders is essen- 

tially the same as used for production aluminum rudders. A description of 

the balancing procedure is as follows: 

il>    Tb*  lower and upper balance weights were removed from the rudder 

assembly, the attaching bolts were reinstalled, and the rudder 

was weighed, 

(2) The rudder was supported in the balance figure as shown in 

Figure 147. 

(3) With the rudder hinge line in a horizontal position and the upper 

surface of the nadder at an angle of depression of 2.6° measured 

perpendicular to the rudder hinge line at W.L. 84.886, the magni- 

tude of the rudder underbalance (tail heavy), SB, about the tedder 

hinge line was measured. 

(4) With the rudder in the position specified in (3), the upperbalance 

weight was installed and adjusted to give an underbalance condition 

about the rudder hinge line of fro.  0.372 % to (0.372 SB - 2.o) 

inch-pounds. 

(5) With the rudder balanced as specified in (4), the lower balance 

weight was installed and adjusted to give an overbalance (nose 

heavy) condition about the rudder hinge line of 17.0 to 21.0 inch- 

pounds, (192 to 2.37 m-N). 

The final balance condition was established as 17.1 in-lbs (1.34 ra.N) over. 

balance about the hinge line.  The final weights of the upper and lower 
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balance weights are 9.96 and 7.30 lbs. (4.52 and 3.31 kgs), respectively. 

5'  Proof Testing the Flight Test Beryllium Rudder 

The objective of this test was to verify the structural integrity of 

the beryllium rudder fabricated for the flight test program and to provide 

an in situ calibration of the strain gages to be used for recording rudder 

strains in flight. The structural integrity of the berylUum rudder design 

had been demonstrated by the static and dynamic test conducted on the 

ground test rudder. Though the design had proved adequate and the concept 

was fully qualified for flight testing within the flight test profile of 

the F-4 aircraft, a proof test was conducted on the flight test rudder as 

a safeguard against the possibility of existence of undetected damage. 

The proof test loads simulated the loads of Design Condition I, described 

in Section II, and were carried to design limit load. 

The test set-up is shown on Figure 146. The rudder was installed in 

an F.4 vertical fin-aft fuselage assembly with the fin in a horizontal 

position. Rudder hinges were connected as in a nomal service installation. 

A fixed link simulated the rudder actuator. Neoprene rudder tension pads 

were bonded to the rudder surface using EC1300 adhesive (Minnesota Mining 

and Manufacturing) for applying the test loads. The tension pads were linked 

through a whiffletree loading system to a hydraulic actuator. Loads were 

controlled manually and were measured with a calibrated strain link. 

Proof test loads were applied to the rudder at a rate of 40% of design 

limit load per minute, in increments of 20% of design limit load, up to 

design limit load. Figure /& shows a schematic of the tension pad layout 

and indicates maximum loads applied to the rudder during the proof test. 
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W.L.132.n 

W.L.72.0 

Notes: 1. □ indicates tension pad location; numbers represent load in pounds. 
2. All tension pads were 5 inch x 5 inch except two pads with 60 lb. loads, these pads were 4 inch x 5 inch. 
3. Limit load = 1162 lb. Limit hinge moment = 9000 in.-lb. Center of pressure at 30% chord. 

Figure 149 - Rudder Tension Pad Layout and Proof Test Loads 
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Figure 150 compares the maximum test loads with the design limit loads 

for Condition I. The rudder strains recorded during the test were 

small as expected and are not shown. There was no evidence of damage 

or permanent set in the rudder from the proof test loading.  After com- 

pletion of the test, the tension pads and all traces of the adhesive used 

to bond them to the rudder were removed and a careful inspection was made, 

especially in those areas (described in Section III) that were known to 

contain defects. No change was found in the condition of the structure 

at these defects and there was no evidence of any other defects or damage 

due to proof loading. The rudder was now ready for installation on the 

F-4 aircraft. 

6.  Berylliim Rudder Flight Test 

The beryllium rudder was installed on YF-4E aircraft number 12200 by 

MCAIR flight test personnel having no special familiarity with berylliun. 

No difficulty was encountered in the installation, and no difficulty was 

experienced in performing rudder operational checks after it was installed. 

Figures 151 and 152 show the beryllium rudder being carried into position 

and Figure 153 shows actual installation on the aircraft. The installed 

beryllium rudder is shown in Figure 154 in the fully rotated position. 

The maiden flight of the beryllium rudder occurred on 14 May 1968. 

The takeoff is shown in Figure 155.  The normal full flight envelope was 

available to the aircraft, that is, there were no flight restrictions 

imposed because of the berylliun rudder. This flight test aircraft with 

the berylliian rudder installed was flown by several MCAIR test pilots as 

well as by Navy and Air Force pilots. All were asked to comment on 
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100 110 120 
Zp - Rudder station - inches 

Figure 150 - Comparison of Rudder Proof Test and 

Design Limit Loads 
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The steady yaw and rolling pullout maneuvers impose rudder loads corres- 

ponding to Design Conditions 1 and II, and Design Condition III, respec- 

tively, for which the rudder was designed and ground tested in the 

Reference 1 program. 

Data recorded during flight testing included Mach number, altitude, 

dynamic pressure, stagnation temperature, vertical load factor at the 

aircraft's center of gravity, rudder position, rudder hinge moment, and 

rudder bending strains. Rudder hinge moment and bending strains were 

recorded by means of the strain gages described previously in this section 

and shown on Figure 146. 

Figures 157 through 160 show the data recorded during the steady yaw 

maneuvers at 10,000 feet (3.05km), at M = .5 and .8 with maximum rudder 

rotation to produce full available rudder hinge moment. These flight 

maneuvers develop design limit loads of Design Conditions I and II. The 

airload center of pressure in flight was not determined, so the actual 

center of pressure could be anywhere from 30% to 45% chord. The front 

spar bending strains are quite small indicating that the front spar bending 

stresses are small. The bending strains recorded in the flight test pro- 

gram appear to be in agreement with the front spar strains recorded at 

design limit load during static test of the ground test beryllium rudder 

(Reference 1). 

Figures 161 and 162 show the data recorded during the rolling pullout 

maneuvers at 35,000 feet (10.68 km), with M = 1.65 and load factors up to 

5.2 g's, to produce maximum vertical fin and rudder bending loads. These 
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flight maneuvers  produce   loads of Design Condition III.     Figure   161 

indicates a hinge moment  or rudder torque of  7,000 to 9,000 in-lb 

(791  to 1002 m-N)  which  is  slightly higher than  the 6,8A0  in-lb (773 

m-N)   limit  torque developed  in the  static  test  of the  ground  test  rudder 

to Design Condition III.     The  recorded  front  spar bending strains on the 

flight  test  rudder are  less  than those  recorded during static  test of the 

ground test rudder. 

The normal  flight envelope of the F-4 aircraft requires a change in 

bank angle of less  than 120° during rolling maneuvers performed With an 

initial vertical   load factor greater than 1.0g.    During the  10th flight, 

after approximately 10 hours of flight time had been accumulated,  the 

aircraft  became  roll-yaw coupled during a rolling pullout maneuver completing 

a double roll before control was. regained.    This inadvertent 720O bank 

angle change occurred with an initial vertical   load factor of 5.2g, exceeding 

the flight envelope boundaries and resulting in an overload on the fin and 

rudder.    Figure   162 shows the data collected during this maneuver.    The 

peak rudder hinge moment of 9000 in-lbs  (1002 m-N) while  greater than Design 

Condition III, was  slightly  less than the 10,260 in-lbs  (1160 m-N) ultimate 

static test torque  for the ground test rudder.     The maximum front spar bend- 

ing strains were   significantly higher than the  front spar strains  recorded 

in the  static  test  of the  ground  test  rudder for Design Condition III, making 

it apparent that  the design  loads for the  rudder were exceeded.    This over- 

load caused a permanent buckle  to be developed in the rudder's beryllium 

cover skin as shown in Figure   163. 

The highest strain recorded durine static  test for Design Condition III 
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occurred on one side of the rudder more than on the other side and was 

more  than experienced on other areas of the aircraft.     It appears that 

on that side of the rudder there was an adhesion problem resulting in 

blisters foming and eventually flaking off.    Figure  165 shows an area 

of the trailing edge honeycomb assembly having paint blisters and one 

of the  largest areas where the paint has flaked off. 

The  loss of paint  from the external surface of the  rudder results in 

a significant,  but not complete,   losr of corrosion protection in the 

affected area.    When the  paint flakes off,  the alodined beryllium surface 

is exposed.    The alodine  finish, which is applied to the beryllium prior 

to painting, does provide a degree of corrosion protection as indicated by 

the corrosion tests described in Reference   1.    In those tests,   the specimens 

were  subjected to a 5% salt (NaCl)   spray solution for 500 hours.    The bare 

beryllium specimens were  pitted after 12 hours and after 500 hours deep 

pits,  blisters and exfoliation existed over the entire  surface.    The 

alodined beryllinn surface was pitted after 22 hours and after 500 hours 

pitting had increased to about 30 active corrosion sites but no blistering 

or exfoliation was observed.    No corrosion was observed on the  specimens 

that were first alodined and then received the epoxy paint system.    Based 

on these tests,  it appeared that, even though the paint flaked off locally, 

the alodine finish would provide adequate corrosion protection for the dura- 

tion of the flight test  program in the environment encountered In the 

vicinity of St.  Louis,  Missouri, whe.'e the majority of flight testing was 

conducted.    Therefore,  no attempt was made to repaint areas where paint 

flaking occurred.    No evidence of corrosion was found anywhere on the rudder 

■ 
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in Section VI„    A comparison of the  radiographs failed to reveal indica- 

tions of crack growth or other damage detrimental  to the  structural 

integrity of the  beryllium rudder. 

8.     Summary 

The flight test effort achieved its objective to demonstrate that a 

primary load carrying component can be fabricated of beryllium and used 

in a service environment. The rudder verified its structural integrity 

by withstanding loads in excess of ultimate, and showed its durability 

by its continuing maintenance-free operation. 

While 184 hours and 24 minutes of flight do not constitute proof of 

the life expectancy of beryl lim airfrarae components, it does show thin 

gage structures capable of multi-flight operations such as required by 

aircraft can be produced of this lightweight, high stiffness metal. 

Coupled with the results of the extensive ground test effort, this con- 

stitutes the single demonstration of berylliumized aircraft primary struc- 

ture integrity to date which has been carried through to flight evaluation. 
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APPENDIX A 

MCDOMNELL MATERIAL SPECIFICATION 191 REVISION B 

FOR BERYLLIUM SHEET AND PLATE 

1.0 SCOPE 

j 

1.1 

2.0 

2.1 

3.0 

3.1 

3.1.1 

3.2 

3.2.1 

3.3 

This specification covers the chemical and mechanical properties of 
one type of beryllium metal for use in aerospace parts where a high 
strength-to-weight ratio and high modulus of elasticity are required. 

APPLICABLE DOCUMENTS 

The following documents of the issue in effect on the date of in- 
vitation for bids, form a part of this specification to the extent 
specified herein. 

Federal Test Method Std. 151 - Metals; Test Method 
MIL-STD-10 - Surface Roughness, Waviness and Lay 
MAC P.S. 21202 - Penetrant Inspection 

REQUIREMENTS 

MATERIAL AND WORKMANSHIP - Material shall be uniform in quality 
and condition, clean, sound and free from foreign materials and from 
internal and external defects detrimentral to fabrication or 
performance of parts. 

The extent of surface defects shall be determined by the use of pene- 
trant inspection per MAC P.S. 21202. 

CONDITION - Unless otherwise specified, the material shall be supplied 
in the cross rolled, stress relieved, ground and pickled condition. 
Surface finish shall be 56 roughness height rating or finer. 

The density of the product shall be not less than 0.066 pounds per 
cubic inch. 

COMPOSITION - The chemical composition of the material in percent 
by weight shall be as follows: 

Beryllium Oxide 
Iron 
Aluminum 
Carbon 
Silicon 
Magnesium 
Other Impurities, each 
Berylliu-'. 

2.0 Max. 
0.20 Max. 
0.20 Max. 
0.15 Max. 
0.12 Max. 
0.08 Max. 
O.Oi» Max. 

98.00 Min. 
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3.!*     ULTRASONIC INSPECTION All plate (0.250" and over) supplied to this 
specification shall be ultrasonically inspected, using the immersion 
method.  A UW Reflectoscope transducer containing a beam reducer 
on the probe shall be utilized. Unless otherwise specified, a 
frequency of 10 megacycles shall be used. The criteria for acceptance 
or rejection shall be agreed upon between the producer and purchaser. 

3.5     MECHANICAL PROPERTIES 

3.5.1 Room Temperature Properties - The room temperature tensile properties 
of the material tested in any direction, using a strain rate of 0.003 
- 0.007 inch per inch per minute to failure shall conform to the 
following requirements. 

THICKNESS 
RANGE 
(INCHES) 

Under 0.250 
Over 0.250 to 0.375 
Over 0.375 to 0.500 

MINIMUM MINIMUM YIELD MINIMUM 
TENSILE STRENGTH @.2$ ELONGATION 
STRENGTH OFFSET {%  IN l") 

(PSI) (PSI) 

70,000 50,000        5.0 
65,000 li5,000        k.O 
60,000 Uo.ooo      3.0 

3.5.2   Elevated Temperature Tensile Properties 

3.5.2.1 Mechanical properties at elevated temperature shall be negotiated 
and as agreed upon between the producer and purchaser. 

3.6 

3.6.1 

TOLERANCES - Unless otherwise specified, tolerances shall conform 
to the following: 

Sheet 

3.6.1.1 Sheet Thickness 

NOMINAL THICKNESS 
(INCHES)  

0.020 
Over 0 
Over 0 
Over 
Over 
Over 
Over 
Over 
Over 
Over 
Over 

to 0.025, incl 
.025 to 0.0314, 
.03^ to 0.056, 
.056 to 0.070, 
.070 to 0.078, 
.078 to 0.093, 
.93 to 0.109, 
.109 to 0.125, 
.125 to O.ll+O, 
.lUo to 0.171, 
.171 to 0.21*9, 

TOLERANCES (INCHES) 
STANDARD PREMIUM 

PLUS MINUS PLUS MINUS 

, 0.003 0.003 0.002 0.002 
incl. O.OOU 0.00U 0.002 0.002 
incl. 0.005 0.005 0.003 0.003 
incl. 0.006 0.006 0.003 0.003 
incl. 0.007 0.007 O.QOk 0.00h 
incl. 0.008 0.008 Q.OOh 0.00h 

incl. 0.009 0.009 0.005 0.005 
incl. 0.010 0.010 0.005 0.005 
incl. 0.012 0.010 0.006 0.005 
incl. O.OlU 0.010 0.007 0.005 
incl. 01015 0.010 0.007 0.005 

3.6.1.2 Width - Shall not vary more than plus 0.125, minus 0.000 inch, 
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3.6.1.3 Length - Shall not vary not more than plus 0.250, minus 0.000 inch. 

3.6,1,1) Strai^htness - Maximujn edgewise curvature (depth of arc) shall not 
exceed l/l6 inch in any foot of length. 

3.6.1.5 Flatness - Shall not vary more than the following when measured and 
calculated as shown in the figure which follows: 

THICKNESS (INCHES) 

Under 0.035 
Over 0.035 

FLATNESS 
STANDARD  PREMIUM 

3.0^ 
2.0^5 

2. 
1. 

H = Maximum distance between flat surface and lower Efface of sheet 
L = Minimum distance between highest point on sheet and point of contact with flat surface 
 Line of tangency between sheet and flat surface 

H/L x 100 = % flatness deviation 

Method of Determining Percent Flatness Deviation 
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3.6.2 Plate 

3.6.2.1 Plate Thickness 

NOMINAL THICKNESS (T) 
(INCHES) 

0.250 to 0.3125, incl. 
Over 0.3125 to 0.3Y5, incl. 
Over 0.375 to 0.14375, incl. 
Over 0.U375 to 0.500, incl. 
Over 0.500 to 0.625, incl. 
Over 0.625 to 0.750, incl. 
Over 0.750 

TOLERANCES 
PLUS MINUS 

0.113T 0.010 
O.O^T 0.010 
0.080T 0.010 
0.075T 0.010 
0.063T 0.010 
0.057T 0.010 
0.050T 0.010 

3.6.2.2 Width and Length - Shall not vary more than + 0.125 inch. 

3.6.2.3 Flatness - Shall be as agreed upon by purchaser and vendor. 

3-7     IDENTIFICATION - Unless otherwise specified, each form of material 
shall be marked in characters not less than 3/8 inch and in height 
with suitable marking fluid having no deleterious effect upon the 
material. Markings shall be spaced not more than 6 inches apart 
with alternate rows staggered. The markings shall not rub or smear 
off in normal handling and shall be capable of being removed by a 
cleaning solution without rubbing. Markings shall be as follows: 

Manufacturer's Name or identification 
Manufacturer's alloy designation 
Manufacturer's heat number 
MMS-191 (S) or (P) 
Nominal Thickness 

NOTE; The use of (S) or (P) indicates standard or premium 
thickness tolerances. 

U.O QUALITY ASSURANCE PROVISIONS 

k.l 

U.l.l 

h.2 

Test coupons shall not be removed from the final product for material 
qualification tests unless specified on the purchase order for the 
material. 

Inspection Performance - When authorized on the purchase order, 
compliance with this specification shall be checked by the MAC 
Quality Assurance Department and only those tests specified on the 
purchase order shall be accomplished. No other destructive tests 
shall be initiated without specified approval of the Project 
Strength Engineer. 

SAMPLING, INSPECTION. AND TESTS - Sampling, inspection, and tests 
shall be in accordance with Federal Test Method Standard 151. 
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6.3     Vendors or subcontractors needing this specification should direct 
their request for copies to the attention of MAC Purchasing or 
Subcontracting, as applicable. Information pertaining to the 
technical aspects of this specification can be obtained from MAC 
Material and Process Development (Dept. 272). 

7.0 APPROVED PRODUCTS 

Not applicable 
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Lol 
No. 

2452 
2933 
3516 
3379 
3422 
3318 
3390 
3900 
3939 
3957 
013J 
109H 
80 4H 
H349 

,      TABLE A-a 
CHEMICAL ANALYSIS OF BERYLLIUM SHEET 
FOR QKOVm TEST  RiDDER     (Reference  1) 

MMS-19i 
(2) 

Be 

m- 
98."50 
98.60 
93.21 
98.63 
93.59 
93.5/ 
98.30 
98.30 
98.30 
98.30 
93.30 
93.38 
98.46 
98.17 

93.00 
(mm.) 

BeO 

m 
1.70 
1.69 
1.70 
1.77 
1.90 
1.57 
1.93 
2.00 
1.68 
1.94 
2.00 
1.72 
1.49 
1.99 

2.00 
(niax. 

Fe 
(%) 

0.120 
0.14Ü 
0.140 
0.120 
0 150 
0 160 
0.130 
0.130 
0.120 
0.130 
0.073 
0.168 
0.092 
0.095 

0.200 
(max.) 

Si 

0.040 
0.040 
0.040 
0.050 
0.040 
0.020 
0.030 
0.030 
0.030 
0.076 
0.052 
0.056 
Ö.Ö69 

0.120 
(max.) 

Al 

Co) 

0.090 
0.090 
0.110 
0.110 
0.130 
0.100 
0.090 
0.100 
0.09C 
C.I00 
0.066 
0.050 
00/0 
0.063 

0,200 
(max.) 

Kg 

0.020 
0 010 
0.003 
0.020 
0.020 
0.010 
0.020 
0.020 
0020 
0.020 
0.031 
0.003 
0 008 
0.052 

0080 
(wax.) 

Notes: 

1. Hot rolled, stress relieved, ground and etched berylhuni sheet. 
(2) Required per McDonnell Material Specification MMS-191. 

0.130 
0.100 
0.130 
0.130 
0.130 
0.110 
0.100 
0.130 
0.120 
0.100 
0.063 
0.106 
0.100 
0.131 

0.150 
(max.) 

Other 

v0.04 
< 0.04 
-.0.04 
< 0.04 
• 0.04 
.0.04 
.0.04 

< 0.04 
.0.04 
< 0.04 
< 0 04 
.0.04 
<0.04 
• 0.04 

0.04 
(max.) 

Table    A-2 

Lot No. 

993J 

629J 

4477 

4367 

088K 

4785 

804H 

670H 

MMS-191 
(2) 

Be 

(%) 

98.40 

98.35 

98.10 

98.60 

98.50 

98.40 

98.46 

98.17 

(mm.) 

- Chemical Analysis of Beryllium Sheet 
BMLB 

BeQ 

&o) 

1.75 

1.85 

1.80 

1.70 

1.51 

1.60 

1.49 

1.99 

2.00 
(max.) 

Fe 

0.080 

0.120 

0.130 

0.130 

0.122 

0.110 

0.092 

0.095 

0.200 
(max.) 

LRi^m 
Si 

(%) 

0.050 

0.080 

0.030 

0.030 

0.080 

0.030 

0.056 

0.069 

0.120 
(max.) 

A! 

0.C42 

0.090 

0.060 

0.090 

0.065 

0^070 

0.070 

0.068 

0.200 
(max.) 

(RefPT-pnrp  o) 

Mg 
{%) 

0.025 

0.006 

0.007 

0.009 

0.079 

0.030 

0.008 

0.062 

0.08C 
(max. 

Notes: 

1. Hot rolled, stress relieved, ground and etched berylhum sheet 
(2) Required per McDonnell Material Specification MMS-191. 

C 

0.092 

0.114 

0.120 

0.110 

0.074 

0.090 

0.100 

0.131 

0.150 
(max.) 

Other 

(%) 

<0.04 

<0.04 

<0.04 

<0.04 

<0.04 

<n.04 

<0.04 

<-0.04 

<0.04 
(max.) 
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TABLE A.3 
PROPERTIES OF BERYLLllM SHEET USED FOR 

ELEMQJT TEST SPBCIMQIS AND GROUND TEST  RIDDER 
(Reference 1) 

Sheet 
No. 

Lot or 
Heat 

Longitudinal Transverse 

Ftu m (ksi) 
e 

m 
Ftu 

(ksi) 
Fty 

(ksi) 
e 

m 
996 B 2452 77.2 51.2 27.0 75.3 51.8 20.0 

1026A 2938 79.2 54.6 14.0 70.8 55.4 5.0 
1026B 2938 79.2 54.6 14.0 70.8 55.4 5.0 
107 28 3516 84.2 60.2 15.0 82.2 60.1 18.0 

1040A 3379 812 58.9 27.5 81.9 56.5 21.0 

104831 3379 81.6 57.0 22.5 77.7 55.6 29.0 

1962D 3422 79.4 59.7 15.0 75.2 58.1 11.0 

1053A 3422 79.2 55.1 28.0 78.6 56.5 21.0 

10348 3318 78.5 Sib 19.0 79.4 56.5 27.0 

1187C 3890 83.0 60.5 2D.0 80.8 61.2 17.0 

1197A 3900 74.2 513 11.0 76.9 60.7 17.0 

1210 A2 3939 87.1 144 17.0 85.1 60.6 15.0 

1211A2 3939 84.0 60.1 17.0 77.1 55.6 6.0 
1219 A 3957 840 58.2 24.0 80.2 58.4 19.0 

HR335 013J 745 51.0 24.0 7Z4 52.1 19.0 

HR22B-1 109H 74.4 57.3 25.0 715 58.5 27.0 

HR380 80 4H 81.5 55.1 22.0 75.4 55.4 14.0 

HR382 80 4H 83.8 58.7 24.0 84.9 60.1 19.0 

H-349 - 76.0 53.2 24.0 - - — 

TABLE A. 4 
PRODUCERS CERTIFIED MECHANICAL PROPERTIES OF 
BERYLLIUM SHEET USED FOR FLIGHT TEST RIDDER 

(Reference 2) 

Sheet 
No. 

Lot or 
Heat 

Longitudinal Transverse 

Ftu Fty e Ftu ^y e 
(ksi) (ksi) (%) (ksi) (ksi) (%) 

HR-521 993J 77.3 57.1 23.0 78.5 58.4 32.0 

HR.427 629J 80.7 56.1 17.0 77.6 55.9 10.0 

1440A 4477 85.1 67.0 19.0 81.6 67.5 27.0 

1363 4367 84.2 57.6 18.5 77.5 55.6 14.5 

HR-538 088K 80.3 57.3 26.0 75.5 51.1 15.0 

1S04A 4785 86.1 64.7 18.0 82.8 63.7 16.0 

HR382 804H 83.8 58.7 24.0 84.9 60.1 19.0 

HR348 670H 85.9      59.9 29.0 78.5 55.0 17.0 

Note: 
1. Hot rolled, stress relieved, ground and etched beryllium sheet. 
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APPENDIX B 

DETAIL DRAWINGS 

Composite Section Drawing 

No. kOh.005,  "Rudder Composite Section" (3 sheets) 

Beryllium Rudder Drawings 

No. 14014-100, "Rudder Installation Beryllium Rudder" 

No. 14014-101, "Rudder Assembly" 

No. kOh-102,  "Structure Assembly Beryllium Rudder" 

No. i*Ol4-103, "Trailing Section Assembly - Rudder Honeycomb (2 sheets) 

No. I4OI4-IOI4, "Forward Spar Assembly" 

No. 1*0^-105, "Fitting - Rudder Torque Tube Upper" 

No. i40U-106, "Hinge - Rudder" 

No. UoUlOT, "Rib Assembly Rudder Upper Balance Weight" 

No. i40i*-108, "Rib Assembly" 

No. J40U-109, "Rib Assembly" 

No. fcOfc-UO, "Ribs - Rudder Assembly" 

No. »4014-111, "Ribs - Rudder Assembly" 

No. k0k~112,  "Ribs - Rudder Assembly" 

No. UoU-113, "Skins - Torque Box Upper & Lower" 

No. U0I4-III4, "Fitting - Rudder Leading Edge Rib" 

No. hOk-115,  "Leading Edge Rib - Rudder" 

No. 32-2»400l4, "Support Assembly - Balance Weight & Horn'' 
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